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Abstract 
 
This thesis presents the development of innovative tools to investigate spatially 
distributed properties of thin film photovoltaic devices. They are required to gain a 
better understanding of device behaviour driven by how such properties affect the 
performance of commercial-scale devices. The tools developed for this are a distributed 
3D model (D3DM) as simulation software and a laser beam induced current (LBIC) 
system as a platform for characterisation. 
 
The D3DM was developed utilising standard circuit analysis software. It is constructed 
to simulate realistic device structures and current flows in thin film PV devices. Diode 
parameters are truly distributed and can be varied independently. The model includes a 
voltage dependent photocurrent which is a key characteristic of amorphous silicon 
based solar cells. The D3DM has been used for the investigation of spatial variation in 
performance due to the distributed nature and non-uniformity of diode parameters and 
solar cell properties. It is shown that distributed series resistance contributed from the 
contact layers has a significant impact on solar cell performance and efficiency. 
 
The LBIC system is an optical scanning based characterisation tool. Unlike most 
existing systems, this has been developed specifically for large area, module-size thin 
film applications. The system provides a detailed photocurrent map which reveals 
spatial non-uniformity and allows investigation of localised performance variation of 
the investigated PV devices. System development, components and their 
characterisation as well as different measurement techniques are described. The model 
is also applied to LBIC measurements where it is used for a sensitivity analysis of 
measurement signal with respect to certain cell parameters in cells and modules under 
different measurement conditions. A new limiting illuminated LBIC (li-LBIC) 
measurement technique was developed. It is a measurement where the laser-probed cell 
is brought into limiting condition by means of shading. The signal thus generated is a 
linear response which was previously unobtainable by typical LBIC measurements. It is 
unaffected by non-uniform illumination allowing the real properties of investigated 
cells in a monolithic series connected module to be measured non-destructively. 
 
Keywords: Photovoltaic, Thin film, Module, Distributed 3D model, LBIC, li-LBIC
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1 Introduction 
 
Solar photovoltaic (PV) has demonstrated a steady growth during the past decade. The 
cumulative PV power installed reached almost 15 GW in 2008 compared to 1.2 GW at 
the end of 2000 [1, 2]. Due to increasing global electricity demand and environmental 
concern, there is great potential that solar electricity with this growth rate will play an 
important role in the future clean electricity supply. In recent years, thin film 
technology has also attracted widespread interest from the PV industry, due to the 
shortage of a raw material for wafer based crystalline silicon (c-Si) and the possibility 
of cost reduction with large scale mass production. A market share of around 25% or 9 
GW, has been projected by 2013 [2]. 
 
Three types of thin film technology are commercially available at the moment. These 
are amorphous silicon (a-Si), copper indium gallium diselinide (CIGS) and cadmium 
telluride (CdTe). All technologies have their advantages and disadvantages. Amorphous 
silicon in particular offers a wide variety of device structures and benefits from the 
availability of turnkey production lines, but comes with the price of light-induced 
degradation issues. CIGS achieves the highest efficiency among them but production 
cost is still relatively high because of a complexity of processing [3, 4]. CdTe shows 
relatively the lowest module production cost [5] but public perception still regards 
cadmium as a hazardous material. 
 
One clear objective for all technologies however, is to bring down cost to the level 
where PV can compete with conventional energy sources, which is often described as 
grid parity. This can be achieved by lowering production costs while maintaining high 
conversion efficiency. 
 
In principle, the production cost will be reduced with increasing production capacity. 
However, under these circumstances, economic processes and substantial investment 
certainly will be involved and are carefully taking into consideration the throughput and 
returned output performance, stability and efficiency of the PV modules. Some trade-
off between these will be inevitable. 
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As a consequence, there will be an efficiency gap between module size and research 
scale devices - in laboratory conditions, small cells are made for record efficiencies, 
employing any means possible regardless of the cost. Their efficiency represents the 
best possible result while for production modules, which normally consist of a number 
of cells in series, there are both good and poorer cells and the overall module efficiency 
is inevitably closer to the minimum [6, 7]. In addition, due to the larger size there will 
be a greater variation in material quality such as thickness non-uniformity or defects 
over the module. Modules are also made with different geometry, cells are 
monolithically connected, and losses due to resistance and inactive interconnection area 
are introduced. 
 
In the case of thin film devices, there is hardly any intermediate cell pre-sorting 
involved, i.e. weak cells cannot be eliminated from the production process as in the case 
of c-Si modules where individual cells are batch sorted before module assembly. 
Especially for series connected cells, the weakest cell is responsible for the overall 
module current and thus will disproportionally reduce the power output of a module. 
This will reduce the efficiency of a module and indeed of a production batch and as 
such will increase the cost of the generated energy. The identification of weak cells, or 
weak spots on the cells, is thus of importance as it allows identification and addressing 
of issues during the production. 
 
In order to close this efficiency gap, every aspect of device production and design needs 
to be addressed. In this thesis, the effects of spatial variation in device properties of a-Si 
based technology are investigated. It has been observed that distributed variation of 
material properties or certain small areas containing defects can cause the performance 
of the whole module to decrease [8-10]. As a consequence these devices are more 
susceptible to unwanted events during operation. Variable material properties affect the 
overall device performance. It is therefore crucial to investigate individual cell 
properties in a monolithic series connected module non- destructively as well as to 
identify any potential weak spots or spatial non-uniformity by detailed analysis of thin 
film production modules. 
 
This has required the development of spatial characterisation tools in order to detect and 
identify the problem areas which is the major aim of this study. This ultimately will 
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lead to an improvement of production quality and performance, bringing efficiency of 
production thin film PV modules closer to those of laboratory standard and lead to 
further cost reduction. 
 
A more detailed summary of these factors and device physics in the case of a-Si based 
technology is given in Chapter 2. This includes material properties, production 
processes, device behaviour and I-V characteristics. Similarities and differences to 
conventional crystalline silicon technology are summarised. Degradation and 
environmental effects on device performance are also described. 
 
Since a PV device is actually three-dimensional and generally consists of several cells 
connected in series, the analysis of distributed parameters and measurements obtained 
from an LBIC system (see below for definition) is rather complicated. Typical solar cell 
models are not applicable to distributed analysis and do not provide adequate 
explanations of such measurements. Therefore, in order to fully understand device 
behaviour from the spatially resolved measurements, a distributed 3D solar cell model 
(D3DM) is constructed. The model is based on circuit analysis software, written 
particularly to understand how spatial non-uniformity of parameters affects the 
performance of solar devices and to interpret the measurement output from the LBIC 
system. The development of this distributed solar cell model is described in Chapter 3. 
 
The optical scanning system used in this study is described in Chapter 4. It is a spatially 
resolved measurement allowing an investigation of light collection in the PV modules 
and is known as a laser beam induced current (LBIC) system. Although some such 
systems can be found on the market [11, 12], they are designed for small scale devices 
and mainly for single c-Si wafers. In this study, the system is developed for large area, 
module-size thin film applications. Different LBIC measurement techniques, both 
traditional and new limiting-mode, measurements are described. The hardware and 
software development of the characterisation tool and experimental setup are outlined 
in detail. 
 
In Chapter 5, the knowledge based on previous chapters is combined for the analysis of 
spatial non-uniformity of device parameters. Simulation examples by the D3DM of 
both single cells and modules are demonstrated. The investigation is focused on 
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distributed parameters which are illustrated by current or voltage mapping. Different 
distributed conditions representing various practical cases are discussed. The model is 
also used for the simulation and investigation of LBIC signals. Simulation examples of 
different LBIC measurement techniques are performed, compared and analysed. They 
are then validated against measurements taken in similar regimes with the LBIC 
system. 
 
Finally in the last chapter, conclusions are drawn and recommendations are given. 
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2 Amorphous silicon based solar cells 
2.1 Introduction 
Amorphous silicon (a-Si) material has been used as the absorber material in solar cells 
for more than 30 years. Unlike its crystalline counterpart, where the material properties 
are relatively straight forward and well understood, a-Si material exhibits complicated 
behaviour. This thesis predominantly reports studies performed on a-Si based solar 
cells. Therefore, this chapter describes their properties, behaviour and performance. 
Similarities and differences to conventional crystalline silicon technology are 
summarised with the intention of providing a basic understanding of a-Si based solar 
cells. Such an understanding will be essential for the analysis presented in later 
chapters. 
 
This chapter derives the standard solar cell model based on the device physics of a p-n 
junction diode. The driving mechanisms and key components under dark and 
illuminated conditions are discussed and solar cell equivalent circuits are shown. This is 
followed by discussion of several aspects of the properties of a-Si solar cells, ranging 
from single junction cell structure, stability and optical enhancements to multi-junction 
devices. Further developments and necessary modifications for the modelling of a-Si 
devices are added where differences occur from crystalline silicon.  
 
The current-voltage (I-V) characteristics and performance indicators as well as their 
variation as a consequence of internal parameters such as parasitic resistance and 
mobility lifetime products (µτ) are described. Finally the environmental effects on solar 
cell I-V characteristics and performance are discussed separately, including irradiance, 
temperature and spectrum. 
 
2.2 Solar cell model 
A solar cell is a device that converts sunlight directly into electricity. It behaves like a 
diode with the addition that current is generated in the presence of light. The solar cell 
model is therefore similar to that of a diode. 
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Considering a typical p-n junction, when the p-n junction is formed electrons and holes 
diffuse across the junction due to the concentration gradient of electrons and holes 
between the two types of semiconductor. In n-type material, electrons are the majority 
carriers while holes are the minority carriers and vice versa for p-type material. When 
electrons and holes diffuse away, they leave behind fixed charges due to ionised dopant 
atoms on either side of the junction. The layer of these fixed charges (positive in n-type 
material and negative in p-type material, as shown in Figure 2.1) creates an electric 
field which causes minority carriers to drift across the junction and opposes the flow of 
diffused carriers until and equilibrium is reached. The total current of each carrier is 
comprised of diffusion and drift current components. 
 
The area at the junction which is covered by the electric field is depleted of free carriers 
and is called the depletion region or space charge region (SCR). Regions away from the 
junction into p- and n-type, however, are commonly assumed to be undisturbed and 
thus neutral. These regions are known as quasi-neutral regions (QNR). The transition 
between the SCR and QNR is very narrow, resulting in the depletion approximation 
[13, 14] which is the key assumption that simplifies the derivation of the solar cell 
equation. 
 
n
+
+
+
+
-
-
-
-
p
w
SCRQNR QNR
 
Figure 2.1: The arrangement of atoms and ions in two separate regions (SCR and QNR) 
of a typical p-n junction, that sets up the electric field and the depletion width (w). 
 
In the dark, the diode allows current to flow easily in one direction (forward bias) but 
blocks almost all flow in the other (reverse bias). The I-V characteristics of a diode or 
solar cell in the dark are shown in Figure 2.2 in the solid black line, and their 
corresponding equation is given in Equation (2.1) 
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/
0( ) ( 1)j
qV kT
dI V I e= −  (2.1) 
 
This is known as the ideal diode equation, where Id is the diode current or dark current 
as a function of voltage, I0 is the diode saturation current, Vj is the voltage across the 
junction, T is a temperature of the p-n junction in Kelvin (K), q is electron charge 
(1.602x10-19 coulomb) and k is Boltzmann’s constant (1.38x10-23 J/K). The term kT/q is 
sometimes called thermal voltage (VT) which is approximately 25.5 mV for a 
temperature of 25°C. 
 
In the presence of light however, incident photons will be absorbed by the solar cell and 
generate a photocurrent (Iph). It is generally assumed that the photocurrent is 
independent of voltage bias, which is called the principle of superposition [15, 16]. This 
means that the current that flows in an illuminated device at a given bias (V) is given by 
the addition of Iph to the current that would flow at this bias in the dark. In other words, 
the illuminated characteristic is actually a shift from the dark characteristic by the 
amount of Iph as illustrated by the dotted line in Figure 2.2. This photocurrent is a 
proportional function of the illumination intensity and spectrum. 
 
The photocurrent, which flows in the opposite direction to the dark current, is then 
“added” (shown as minus in the equation) onto the ideal diode equation to form the 
ideal solar cell equation or illuminated diode equation as given by Equation (2.2). This 
is also known as the single diode model. As shown, this model also contains a diode 
ideality factor (n) to allow for mixed collection mechanisms of photo-generated current 
in the solar cell. This typically ranges between one and two, with unity representing 
diffusion dominated current and two representing drift-assisted dominated current. 
 
/ )
0( ) ( 1)j
qV nkT
phI V I e I= − −  (2.2) 
 
The I-V curve of a solar cell under illumination is shifted into the 4th quadrant meaning 
that it is generating current and power can be extracted to use in an external circuit. 
Later in the thesis, some I-V curves will be flipped into the 1st quadrant along the x-axis 
for convenience of readers. 
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V
I
Iph
Iph
Dark
Illuminated
I0
Forward BiasReverse Bias  
 
Figure 2.2: Dark (solid) and illuminated (dotted) I-V characteristics of a solar cell, the 
illuminated curve is shifted away from the dark I-V curve by Iph throughout the 
complete voltage range according to the superposition principle. 
 
A practical solar cell experiences some additional physical losses which limit its 
efficiency. These are parasitic resistances which include series and parallel components. 
Series resistance (Rs) is the resistance in the path that electrons or current flow along. It 
is represented in this model as one lumped parameter regardless of its location. It can be 
attributed to a number of sources, including bulk resistance in the semiconductor layers, 
lateral resistance due to contact layers, defects and interconnection or cabling problems. 
As a consequence, series resistance instigates a difference between the voltage at the 
junction (Vj) and the terminal voltage (V) and thus decreases the output power of solar 
cell. The junction voltage is then the difference between the terminal voltage and ohmic 
losses due to the series resistance and is thereby calculated according to Equation (2.3). 
 
j sV V IR= −  (2.3) 
 
Parallel resistance (Rp) (sometimes known as shunt resistance) is caused by the leakage 
of current across the junction. As a result, not all current produced by the cell travels 
around the connected circuit. The major contributors to cell shunting are processing 
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related defects and low material quality. The current leakage (Ish) arising through 
shunting effects can be described as in Equation (2.4). 
 
j
sh
p
V
I
R
=  (2.4) 
 
These parasitic resistances (Rs and Rp) have a strong influence on solar cell performance 
and more details of these effects will be given in Section 2.4.2.  
 
Finally, the solar cell equation including the additional terms Rs and Rp is given by 
Equation (2.5). 
 
( ) /
0
( )( ) ( 1)sq V IR nkT s ph
p
V IRI V I e I
R
− −= − + −  (2.5) 
 
This equation is widely used as a standard solar cell model, particularly for crystalline 
silicon technology with a p-n junction structure. Thin film solar cells as investigated in 
this work, however, require some further modifications to the equation and these will be 
given later, in Section 2.3.4. 
RL
+
-
Iph Id
Rs
Rp Ish Vj V
I(V)
 
Figure 2.3: Solar cell equivalent circuit where current source and diode represent 
generation and recombination respectively. They are connected in parallel to a 
resistance (Rp) and in series to a resistance (Rs). The junction voltage (Vj) is the 
difference between the external voltage (V) and the voltage drop across Rs (I*Rs). 
 
The corresponding solar cell equivalent circuit is shown in Figure 2.3. A current source 
representing the photo-generation is connected in parallel with the diode and Rp but 
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with Id and Ish flowing in the opposite direction to Iph. They are then connected in series 
with Rs. 
 
2.3 Characteristics of Amorphous silicon solar cells  
2.3.1 Properties of amorphous silicon materials 
Amorphous silicon is a non-crystalline material. It is defined by a lack of long range 
order in its atomic structure and a large number of bonding defects, known as dangling 
bonds, as shown in Figure 2.4. A-Si in its natural form is not dopeable, it requires 
hydrogen for this to become possible. Hydrogen atoms can be introduced during 
deposition to improve the material quality, resulting in lower defect density and higher 
photoconductivity and yielding a material that can be doped [17-19]. This material is 
then called hydrogenated amorphous silicon (a-Si:H) but it is commonly abbreviated to 
a-Si. 
 
Hydrogen
atom
Silicon
atom
Dangling
bond
 
 
Figure 2.4: The presence of dangling bonds in the a-Si material structure, which can be 
filled by hydrogen atoms to improve material quality. 
 
Typically a-Si has an optical bandgap of approximately 1.7 eV (see Table 2.1 for 
comparison with other common PV materials). It also has a high optical absorption 
coefficient in the visible range of the spectrum, hence an a-Si layer only a micron thick 
can absorb a significant proportion of incident sunlight, compared to the 180-250 
microns currently required for crystalline silicon devices. 
 
The flexibility of a-Si based material is that alloys can be made in order to adjust the 
material’s optical bandgap. Optimising the bandgap can be useful to obtain higher 
efficiencies and also to allow a variety of multi-junction solar cells to be developed. A-
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Si can be alloyed with carbon as hydrogenated amorphous silicon carbide (a-SiC:H) and 
germanium as hydrogenated amorphous silicon germanium (a-SiGe:H) for wider and 
narrower bandgap material respectively. These materials can be used in multi-junction 
devices. 
 
Material Bandgap (eV) 
c-Si     [13, 14] 1.1 
a-Si     [13, 20] 1.7 
µc-Si   [21] 1-1.2 
CdTe   [13] 1.44 
CIS      [22] 1.04 
 
Table 2.1: Typical optical bandgaps of solar cell materials at room temperature. 
 
Unfortunately, a-Si devices suffer from light induced degradation. This degradation is 
known as the Staebler Wronski Effect (SWE) and was discovered in the very early 
stages of a-Si development [23]. Incident light creates additional dangling bonds, which 
act as recombination centres and thus reduce the efficiency of the device. The efficiency 
degradation became a limiting factor in the development of a-Si solar cells and drove 
the development towards ‘optically thick’ but ‘electrically thin’ devices. More details of 
this will be described later in the chapter. Despite the degradation, a-Si is still widely 
used for thin film solar cell applications, from powering consumer products such as 
calculators or watches to generating electricity in multi-megawatt power plants, largely 
due to its favourable economics. 
 
2.3.2 Single junction amorphous silicon solar cells 
The very first a-Si (p-i-n) solar cell was introduced around 1976, fabricated at RCA 
Laboratories by David Carlson et al. [24, 25]. Over the past few decades, considerable 
developments and improvements have been made. Commercial modules under mass 
production have been announced in 1999 [26, 27]. In 2009, more than 10% stabilised 
power conversion efficiency of single junction a-Si solar cells was achieved [28]. 
 
Unlike c-Si technology, typical a-Si based solar cells use a p-i-n structure. This is due to 
the fact that a-Si material has a very short diffusion length [18, 19, 29] and the material 
 12 
has a high defect density when doped. In the p-i-n structure an undoped, or intrinsic, i-
layer is sandwiched between the p- and n-type layers. This establishes an electric field 
which stretches over the entire thickness of the i-layer as shown in Figure 2.5. The 
majority of photons from incident light are absorbed in the i-layer and generate 
electron-hole pairs. These carriers will be separated and collected under the influence of 
the electric field (drift-driven). 
 
p
ξ
i n
x
di0  
 
Figure 2.5: Constant electric field profile in a-Si p-i-n structure. The i-layer thickness is 
di, where the zero point is at p/i interface. 
 
Single junction a-Si solar cells can be fabricated in both p-i-n (superstrate) and n-i-p 
(substrate) configurations depending on deposition order. The typical superstrate type 
uses a glass substrate that is coated with transparent conducting oxide layer (TCO). This 
is followed by p-type, i- and n-type semiconductor layers and finally a metallic back 
contact as shown in Figure 2.6 (left). Glass provides an effective encapsulation for the 
front side and allows incident light to enter into the solar cell. The glass may be coated 
with an anti-reflective layer on the outside to reduce reflection loss [30]. The TCO film 
is generally made either of doped tin oxide (SnO2) or zinc oxide (ZnO) functioning as a 
front contact. The TCO needs to be both highly conductive to minimise ohmic losses 
and transparent to allow the incident light to pass through to be absorbed in the i-layer. 
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Superstrate (p-i-n)                Substrate (n-i-p) 
 
Figure 2.6: Superstrate (left) and substrate (right) configuration of single junction a-Si 
p-i-n solar cells [31]. 
 
Substrate configuration (n-i-p) can be deposited on cheap and non-transparent 
substrates, including plastics or stainless steel foils, as long as these materials withstand 
the relatively high temperatures experienced during a-Si deposition and the other 
requirements set out by international standards [32, 33]. This type of structure allows a 
continuous deposition called a ‘roll-to-roll’ process to be used for flexible substrates. In 
this n-i-p configuration, as shown in Figure 2.6 (right), the metal back contact is grown 
directly on the substrate. Then it is followed by the n-i-p a-Si semiconductor layers and 
TCO layer on the top. Light enters the top TCO and passes through the p-doped 
material the same as for the superstrate structure. 
 
2.3.3 Stability and optical enhancements  
2.3.3.1 Stability 
As mentioned earlier, a-Si solar cells suffer from light induced degradation, or SWE. 
This phenomenon affects solar cell performance negatively and occurs when the a-Si 
devices are exposed to light. The efficiency will decrease dramatically in the first few 
months of exposure, however, it will stabilise at some state depending on the 
illumination intensity and temperature. Typical efficiency degradation curves of a-Si 
PV modules operating outdoors can be seen from Figure 2.7. 
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Figure 2.7: Efficiency degradation of a-Si PV modules of different i-layer thicknesses 
normalised to the initial value measured regularly in a solar simulator during 13 months 
of outdoor exposure. The number represents a series of modules with different i-layer 
thicknesses, where a lower number corresponds to a thinner i-layer [34]. 
 
However, the light induced degradation appears to be reversible upon annealing at 
elevated temperatures. It was reported that the recovery in efficiency can be seen at 
temperatures as low as 40°C [35, 36]. This will depend on the exposure history of the 
devices, including temperature and light intensity. Due to the annealing behaviour, it is 
suggesting that high operating temperatures such as occur during the summer months 
can have a positive effect on the performance of a-Si solar cells. 
 
A number of researchers have suggested that there is a correlation between changes in 
material quality and the light induced degradation. It is believed that an increase in the 
defect density in a-Si material after light soaking causes the SWE [37-39]. This results 
in a shift of the electric field profile, an increase in recombination rate and thus a 
reduction in carrier collection [18]. 
 
Considerable efforts have been made to minimise the degradation and to further 
improve the stabilised conversion efficiency of a-Si solar cells. The main focus is on the 
i-layer, since its quality and thickness play a key role. Material quality depends on the 
conditions during the deposition process. It is a complex process where several 
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parameters are involved, for example hydrogen dilution [19, 38, 39], deposition rate 
[37, 40, 41], substrate temperature [37] and contamination level [42, 43]. These 
parameters are optimised in order to obtain a high quality i-layer material which could 
also reduce the SWE [19]. The optimisation of these parameters, however, will not be 
covered here as it is beyond the scope of this thesis, more details can be found in the 
corresponding references. 
 
Keeping the i-layer thin also reduces efficiency degradation and improves the 
performance of a-Si solar cells. It increases the electric field strength and thus reduces 
the impact of poor material quality, which then reduces the impact of degradation. 
Ideally, the i-layer should be thinner than the drift length of photo-generated carriers so 
that the majority of carriers will be collected before recombining. However, for very 
thin i-layers, a portion of the incident light (photons) may not be fully absorbed since 
the thickness will be less than the absorption depth of light [39, 44]. This effect of i-
layer thickness on conversion efficiency is evident from Figure 2.7. The efficiency of 
the thicker i-layer device suffers more from light induced degradation, except that of 
1.0 series (  ■  ) where it is so thin that incident light may not be fully absorbed. 
 
Currently, the i-layer thickness of commercial a-Si solar modules is typically between 
200-300nm [45, 46].  This level of thickness, although possessing greater stability, 
comes with reduced absorption ability. Therefore, in order to achieve the required level 
of light absorption, and thus a high short circuit current, advanced light harvesting 
techniques are routinely employed when manufacturing a-Si devices to ensure that they 
are optically thick. 
 
2.3.3.2 Optical Enhancements 
The light induced degradation resulted in the development of ‘optically thick’ and 
‘electronically thin’ devices. Thus optical enhancements were required to enhance the 
light absorption. In a-Si solar cells, the TCO is normally used as a front contact, 
providing the path for current to flow through monolithic series connected cells to 
external circuit. High optical transmission to allow incident light to pass through to the 
absorber layer and high conductivity to minimise electrical losses are required. 
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However, further developments resulted in the TCO layer being used as a highly 
scattering layer to improve the optical path-length. Surface texturing of TCO is the key 
to this success. This can be achieved by post-deposition wet chemical etching [47, 48]. 
These textured surfaces help scatter the incident light into the solar cell, allowing the 
light to undergo multiple reflections inside the i-layer and increase the probability of 
photon absorption [47]. 
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Figure 2.8: Schematic diagram of a-Si solar cell in cross section showing light trapping 
and scattering concepts due to textured surface [49]. 
 
In some cases, a textured TCO layer can be inserted between n-layer and metal back 
contact [44, 50, 51]. The combination of these will serve as a back reflector, allowing 
the weakly absorbed ‘red’ light (i.e. low energy photons) in particular to be scattered 
and back-reflected into the i-layer and continues the internal reflections until it is finally 
absorbed. This concept is also applicable to n-i-p structure particularly the back 
reflector [50] and in multi-junction devices as intermediate layers. 
 
2.3.4 Solar cell model for amorphous silicon thin film devices 
A-Si solar cell characteristics are different to the model given in Equation (2.5). The 
superposition principle (which assumes Iph to be independent of operating voltage) is 
not valid in the case of a-Si devices [52, 53]. According to this behaviour, the I-V 
characteristics of a-Si devices at different illumination levels usually cross over at one 
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point in the first quadrant. This is clearly evident from outdoor measurements as shown 
in Figure 2.9. 
 
 
Figure 2.9: The I-V characteristics of c-Si (top) and a-Si (bottom) modules obtain from 
CREST outdoor measurements. The module temperature was approximately 7°C at the 
time when all of the measurements are obtained. The I-V characteristics from the a-Si 
module show crossover behaviour due to voltage dependent photocurrent. 
 
Figure 2.9 illustrates I-V characteristics of c-Si and a-Si modules obtained from the 
CREST outdoor measurement system. Dark and illuminated I-Vs and resulting 
photocurrent are plotted for each module. All I-V measurements were taken at the same 
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module temperature which is approximately 7°C. The resulting photocurrent of the c-Si 
module is relatively constant while that of a-Si decreases with increasing bias, causing 
the I-V to crossover. 
 
This is due to the fact that the a-Si solar cell is manufactured as p-i-n structure, where 
the majority of photo-generated carriers are created in the i-layer. The carrier separation 
and collection is under the influence of the electric field which extends throughout the i-
layer. The electric field in the i-layer is influenced by the voltage across the device, 
decreasing with increasing forward bias. This increases the recombination rate and thus 
decreases the photocurrent. As a result, a-Si devices exhibit a voltage dependent 
photocurrent characteristic. This means that the photo-generated current is a function of 
voltage and does not follow the superposition principle, as in the case of c-Si. 
 
In 1998, Merten [54] suggested an applied analytical model specifically for a-Si solar 
cells, by adding a new term into the standard solar cell equation. The new term is 
developed based on a recombination function of p-i-n solar cell by Hubin and Shah 
[55]. This term is the drift component of the photocurrent. It is also the representation 
of the current loss due to the recombination in the i-layer which can be described as 
 
( ) ( )
i
rec ph
eff bi j i
dI I
V V dμτ= −  (2.6) 
 
where di is the thickness of i-layer, Vbi is built-in voltage and (µτ)eff  is an effective 
mobility lifetime product. 
 
This term takes into account the recombination losses in the i-layer which increase 
strongly with increasing forward bias. It is the multiplication of the photocurrent by the 
ratio of i-layer thickness to the effective drift length in the i-layer. The latter is obtained 
from the effective mobility lifetime product multiplied by the electric field strength 
which is the different between Vbi and Vj over the thickness. The mobility lifetime 
product combines the product of mobility and lifetime of electrons and holes [54, 56] in 
the i-layer. It is derived based on the dangling bond recombination function [57]. The 
value reflects the material quality of i-layer. It is also an indicator of the state of 
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degradation in a-Si devices [53, 58] where it decreases with increasing defect density 
due to degradation. 
 
Figure 2.10: The effect of (µτ)eff on the photocurrent (Iph). The curves are obtained from 
the last term of Equation (2.7) by varying (µτ)eff  while other parameters are held 
constant. The order of magnitude of (µτ)eff shown are the typical range found in a-Si 
solar cells [18, 54]. 
 
Figure 2.10 shows the effect of (µτ)eff  on the photocurrent. The curves are obtained 
from the last term of the simulation of Equation (2.7). By varying the value of (µτ)eff  
while other parameters are constant, the change of (µτ)eff  magnitude affects the I-V 
curve in the flat region. Lower (µτ)eff  causes the photocurrent to decrease with bias at a 
higher rate while higher (µτ)eff  have little effect on the photocurrent. 
 
The modified solar cell equation for a-Si solar cells with the new recombination term is 
then described as 
 
2
/
0( ) ( 1) 1 ( ) [ ]
( )jqV nkT j iph
p eff bi j
V dI V I e I
R V Vμτ= − + − − −  (2.7) 
 
The first two terms, diode and shunt current, are the same as in Equation (2.5). From 
now on Equation (2.7) will be referred to as the Merten model. This model was 
investigated by Gottschalg [52] where the model was compared with results from 
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measurements and it appears to be the most accurate result for a-Si when compared to 
other models. 
 
2.3.5 Amorphous silicon based multi-junction solar cells 
The multi-junction solar device basically is a stack of separate solar cell layers whose 
bandgaps are optimised to effectively use different parts of the solar spectrum, thereby 
achieving higher stability and conversion efficiency than single junction devices. This is 
due to the fact that thinner i-layers, which are required for spectrally balanced 
absorption, enhance the field strength. This reduces the effects of low material quality 
and therefore reduces the amount of degradation experienced compared to that by 
thicker devices. Furthermore, multi-junction solar cells allow higher conversion 
efficiencies beyond the limit of a single junction solar cell. The optical absorption can 
be maximised by tuning each cell layer to absorb a different part of the solar spectrum 
as shown in Figure 2.11. The graph shows an example of spectrum usage in terms of 
quantum efficiency as a function of wavelength of an a-Si/a-SiGe:H/a-Si:Ge:H triple-
junction device. The quantum efficiency of each sub cell; top, middle and bottom, is at 
peak around wavelength of 430, 600 and 750 nm [59]. 
 
Figure 2.11: Quantum efficiency of a typical triple-junction solar cell [59] showing the 
spectrum utilisation in different range of each junction and the combined effect of all 
junctions (black line) as a function of wavelength. 
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Generally each cell layer is connected in series, resulting in the voltage of the multi-
junction device being nearly the multiple of that of a single junction whereas the current 
will be inversely proportional to the number of junctions. 
 
In the early stage, multi-junction devices are usually made with a-Si alloys. Most often 
a-SiGe:H is used as middle or bottom cell [60]. The top cell captures blues light (high 
photon energy), while red light (lower energy photons) will pass through to the next 
layer with little interaction. It is subsequently absorbed in the lower bandgap cell. 
 
One of the promising alternatives to substitute some low bandgap materials in the 
middle or bottom cell is microcrystalline silicon (µc-Si). This is because of the fact that 
it (i) uses similar fabrication process as that of a-Si technology, (ii) is a narrow bandgap 
material (~1.12 eV) and (iii) shows no light induced degradation [61, 62]. A tandem 
structure combining a-Si top cell and µc-Si bottom cell (a-Si / µc-Si), known as a 
“micromorph” [63] or “hybrid” [62] cell as shown in Figure 2.12 has attracted a lot of 
interest in the past decade as a potentially high efficiency and low cost thin film silicon 
solar cell. 
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Figure 2.12: Structure of tandem solar cell with a-Si (p-i-n) top cell and µc-Si (p-i-n) 
bottom cell. It is normally known as micromorph or hybrid device. 
 
Currently the a-Si/µc-Si tandem solar cell holds the record efficiency of around 11.7%, 
the highest among other silicon based thin film technologies [64]. The advance of 
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production technology and a successful transfer from laboratory development to mass 
production has been achieved and is at the beginning of commercial activities by 
companies such as Kaneka, Sharp, Mitsubishi Heavy Industries, Applied Materials and 
Oerlikon. 
 
2.4 Current – Voltage characteristic and the impact of 
electrical parameters 
2.4.1 Electrical parameters of solar cell performance 
Solar cells are generally characterised by using the I-V characteristic (plotting I against 
V) measured under standard test conditions (STC) [65]. The key electrical parameters 
describing this curve are short-circuit current (Isc) the current at the device terminals 
when the voltage is equal to zero, open-circuit voltage (Voc) the voltage at the device 
terminal when the output current is equal to zero. The product of current and voltage for 
each coordinate on the curve represents the power output of solar cell under that 
operating condition. A point where the solar cell delivers its maximum output power 
(Pm) is known as the maximum power point (MPP), yielding a corresponding maximum 
power current (Im) and maximum power voltage (Vm). The positions of these parameters 
are shown in Figure 2.13. 
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Figure 2.13: Typical I-V characteristic curve and the positions of key electrical 
parameters - Isc, Voc, Im, Vm, Pm, Mpp- of solar cell. 
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From these parameters, the fill factor (FF) and the conversion efficiency (η) can be 
obtained. The fill factor is a ratio of maximum power and the product of short-circuit 
current and open-circuit voltage as shown in Equation (2.8). It is the measurement of 
the ‘squareness’ of the I-V characteristic and is normally used as an indicator of solar 
cell material quality. The closer the FF to unity, the higher the quality of the device. 
 
m m
sc oc
I VFF
I V
=  (2.8) 
 
The conversion efficiency is defined as the ratio of output power generated by the solar 
cell over input power, which is the power of the incident light (Pi). The efficiency can 
also be expressed in dependence of Isc, Voc and FF as 
 
m m sc oc
i i
I P I V FF
P P
η = =  (2.9) 
 
2.4.2 Effect of parasitic resistances on I-V characteristic 
Series and shunt resistance are generally associated with practical solar cells. Both 
types of parasitic resistances affect the solar cell performance and power output. It is 
particularly clear on the I-V curve that both resistances cause a reduction of area under 
graph and thus the best indicator to describe the effect is FF, as shown in Figure 2.14. 
The figure shows the effect of Rs and Rp on the I-V characteristic, simulated using 
Equation (2.5) by varying their values. 
 
According to Figure 2.14 (top), the FF decreases with increasing Rs. The area loss is 
due to the voltage drop (I*Rs) resulting in the difference between junction voltage (Vj) 
and terminal voltage (V). If the magnitude of Rs increases significantly, it will also 
affect the value of Isc. Series resistance arises from resistance in the current flow path, it 
becomes increasingly important particularly for cells under high current density i.e. 
concentrated sunlight [66, 67] if one is to achieve high efficiency solar cell. 
 
Similarly, Rp also reduces the FF as shown in Figure 2.14 (bottom). This loss is 
associated with shunt or leakage current as described in Equation (2.4). Very low values 
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of Rp can cause Voc to decrease. This also results in poor performance under low 
illumination level. For cells with high shunt resistance, the efficiency is maintained over 
a wide range of illumination, while for cells with low shunt resistance, the cell 
efficiency decreases with decreasing illumination level [54, 68, 69]. 
 
Figure 2.14: Effect of series (top) and parallel (bottom) resistance on the I-V 
characteristic of a solar cell, simulated using Equation (2.5). 
 
Generally speaking, a low Rp value represents high leakage current.  This affects not 
only the cell performance and output power but also provides an indication of material 
quality due to production related issues such as non-uniform deposition, contamination 
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during deposition, debris from laser scribing or any other defects that cause current to 
leak from the junction [70]. 
 
Therefore, in order to achieve a good quality and high performance solar cell, Rs needs 
to be as small as possible to minimise voltage drop, while Rp needs to be as large as 
possible to minimise the shunt current loss. However, the effect of parasitic resistances 
on the I-V characteristic shown here only considers the magnitude of Rs and Rp but does 
not take into account their spatial distribution over the solar cell. This spatial variation 
is a key investigation of this thesis and will be discussed in Chapter 3. 
 
2.5 Environmental effects on I-V characteristic and solar cell 
performance 
Under realistic operating conditions, solar cells experience changing environmental 
conditions. These environmental conditions are combined in nature. They have a 
significant impact on solar cell performance where different solar cell technologies 
respond to them differently. The three main environmental factors are irradiance, 
temperature and spectrum. In this section, the influence of each environmental factor on 
the solar cell’s I-V characteristic, and thus electrical parameters, is discussed. 
 
2.5.1 Irradiance effect 
Outside the Earth’s atmosphere, the intensity of solar irradiance at the mean Sun-Earth 
distance is approximated at 1367 W/m2 [71] known as the solar constant. At the Earth’s 
surface, the intensity is decreased due to attenuation by the atmosphere. This results in a 
peak intensity of approximately 1 kW/m2 at sea level. It also varies throughout the day, 
affected by changing weather conditions. 
 
Solar cells generate photocurrent in the presence of light and the magnitude of this 
photocurrent varies linearly with intensity of incident light. At the same time, Voc also 
increases with light intensity but to a lesser extent. It is logarithmically proportional to 
the photocurrent as shown in Equation (2.10) (the rearranged form of Equation (2.2) for 
Voc), providing that I0 and T are constant. 
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The behaviour of solar cells under varying light intensity is shown in Figure 2.15. 
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Figure 2.15: The effect of irradiance on the I-V characteristic of solar cell. Current 
increases linearly, while Voc increase logarithmically with increasing irradiance 
intensity. 
 
2.5.2 Temperature effect 
The variation in operating temperature also has a great impact on the performance of 
solar cells. Isc increases slightly with increasing temperature. This is because at elevated 
temperature, the bandgap (Eg) of a semiconductor material decreases allowing lower 
energy photons to be absorbed and thus more electron-hole pairs to be generated. 
 
On the other hand, Voc is significantly influenced by the material’s bandgap, as the 
maximum recoverable Voc is a fraction of this bandgap. Temperature affects this as 
recombination is higher at elevated temperatures, which is expressed by an increase in 
diode saturation current (I0). According to Equation (2.10), Voc varies logarithmically 
with the ratio of photocurrent and I0. This I0 in turn is directly influenced by the 
bandgap, recombination and temperature where it increases with increasing temperature 
but decreasing bandgap. 
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With increasing temperature, although some gain is made by the photocurrent, Voc is 
still decreasing as it is dominated by the increasing of I0. Overall, the temperature effect 
on Isc is relatively small compared to that of Voc. This leads to a reduction of fill factor 
and device efficiency. The effect of temperature on the I-V characteristic is illustrated in 
Figure 2.16 (see e.g. [72]). 
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Figure 2.16: The effect of temperature on the I-V characteristic of a solar cell where the 
Isc slightly increases but Voc significantly decreases with increasing temperature. Overall 
the temperature effect results in a reduction of FF and thus efficiency. 
 
Commercial a-Si PV modules typically exhibit a temperature coefficient of output 
power in the range of -0.2 %/°C to -0.3 %/°C which is approximately half of that 
observed in c-Si devices [73]. However, under certain conditions i.e. outdoor operation, 
positive temperature coefficients have been reported for a-Si devices. A combination of 
elevated temperature that makes a-Si material to anneal [74, 75] and seasonal variation 
of spectrum [76-78] are among the explanations to be the cause of this positive 
temperature effect in the devices. To what extend that these two phenomena affect the 
performance of a-Si PV module also depends on locations and the device structures e.g. 
single or multi-junction [77, 79]. 
 
2.5.3 Spectral effect 
As mentioned earlier, on the passage to the Earth’s surface the sunlight is attenuated by 
the atmosphere. Aerosols, dust particles and ozone for example absorb some parts of 
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sunlight resulting in a change of the distribution of solar irradiation (referred to here as 
the solar spectrum). 
 
Solar cells may be made from a number of different semiconductor materials, 
comprising different elements and compounds. These materials have unique properties 
i.e. bandgap (see Table 2.1). They respond to (absorb light from) different parts of the 
solar spectrum and not all wavelengths in the incident irradiation are useful to generate 
current. Only incident photons with energy higher than or equal to the bandgap can 
generate electron-hole pairs. 
 
This property of the material is normally indicated by the quantum efficiency (QE). It is 
defined as the number of electron-hole pairs generated per incident photon at particular 
wavelength. For determination of current obtained from the solar cell, one often uses 
external quantum efficiency (EQE). This quantity takes into account reflection loss at 
the top surface of the material. The quantum efficiency curve is shown in Figure 2.11, 
in this case from a triple junction a-Si solar cell. 
 
Because quantum efficiency determines the amount of generated current, the 
performance of the solar cell is directly affected by it and thus the solar spectrum [80]. 
Any shift in the solar spectrum impacts directly on the magnitude of photocurrent. In 
order to achieve high efficiency devices, solar cell needs to be optimised to match the 
useful spectrum range and efficiently utilise the spectrum as in the case of multi-
junction devices. 
 
2.6 Conclusions 
Fundamental knowledge about a-Si solar cell properties and behaviour has been 
established in this chapter. It has been demonstrated that a-Si silicon solar cells have a 
unique characteristic which is rather different from conventional c-Si technology. 
Stability issues are the major drawback of a-Si solar cells, but with the help of optical 
enhancements, optically thick and electronically thin devices can be achieved which 
minimise the problem. 
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The behaviour of a-Si solar cells, in particular the voltage dependent photocurrent, can 
be explained satisfactorily by the applied diode model. The model, performance 
indicators and I-V characteristic allow a clear picture of how a-Si solar cells perform 
under the influence of both internal and external factors. Most importantly, one of the 
aims of this chapter was to provide the characteristics of a-Si solar cells. Knowledge of 
the features described here sets the context of the analysis in the following chapters. 
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3 Distributed solar cell modelling 
3.1 Introduction 
It was described in the previous chapter how solar cells behave, operate and perform. 
This was done via the standard one diode model and the corresponding one dimensional 
equivalent circuit. Although this is simplistic, it provides an insight into the 
fundamental understanding of a solar cell. 
 
However, practical solar cells are three-dimensional devices where current can flow 
laterally. Its direction depends on the device structure and geometry. This lateral current 
flow will be influenced by lateral variations of device properties which are distributed 
in nature, resulting in an inhomogeneous operation in different parts of the solar cell. 
This effect is negligible in small research cells but it is becoming more important in 
modules, particularly thin film technology where commercial modules are 
manufactured on a large area under mass production. 
 
Shown here is the measured performance variation of individual cells in a thin film PV 
module. Figure 3.1 shows a considerable variation of electrical parameters (Voc, Isc, FF, 
Eff) of each cell in a single junction a-Si PV module with 26 series connected single 
junction a-Si cells. The measurements were obtained by contacting each cell separately 
and measuring the I-V characteristics in the Spire solar simulator. 
 
Cells are connected monolithically in series within the module. Cell separation is 
generally performed by laser scribing. There is no cell sorting as for crystalline modules 
and so mismatch losses become important. Currently, module size is increasing in order 
to reduce production costs. This will result in higher cell numbers interconnected and 
thus this effect being even more important. It may become harder to maintain the 
uniformity of the material over the cell area [81]. 
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Figure 3.1: Electrical PV parameters (Voc, Isc, FF, Eff) of each cell in single junction a-
Si module measured in the Spire solar simulator. 
 
This chapter focuses on the understanding of the behaviour due to spatial variations 
within solar modules and a three-dimensional (3D) model is developed as a tool to aid 
this. This allows a qualitative understanding of the measurements to be presented later 
in this thesis. The chapter will start with the detailed structure and geometry of single 
cell and monolithically series connected cells in a module, where here it is intended to 
facilitate an understanding of the current flow path and variation in solar cell properties. 
 
Then the development of a distributed 3D model (D3DM) which is constructed based 
on circuit analysis software (SPICE) for spatially distributed investigation of large area, 
multi-cell thin film devices is discussed. This includes the circuit components in an 
elementary unit, the parameters used and the simulation procedure. Finally the 
simulation results are compared with those obtained from measurements. 
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3.2 Distributed model 
3.2.1 Solar cell structure and current flow diagram 
A typical thin film silicon solar cell has a p-i-n structure with transparent conductive 
oxide (TCO) as a front contact while metal is used as a back contact as shown in Figure 
2.6. The flow of charge carriers (current) is vertical through an active semiconductor 
layer (p-i-n) due to the influence of the electric field, but horizontal through the 
contacting layers until reaching the terminals as shown in Figure 3.2. 
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Figure 3.2: View of a typical single junction a-Si p-i-n solar cell showing vertical and 
horizontal electron current flow direction in semiconductor and contact layers (top and 
bottom) respectively [82, 83]. 
 
In the case of thin film PV modules, cells are interconnected in series through a 
monolithic contact. The contact is formed by laser scribing processes on each layer with 
lasers of suitable wavelength, size and power [10, 42]. As a consequence, two areas are 
introduced which are active area and monolithic contact area as shown in Figure 3.3. 
The latter is, however, very small and does not contribute to the generation and can be 
treated as a “dead” area. Similar to a single cell, the current flows laterally through the 
TCO layer and monolithic contact. It is then entering a neighbouring cell at the metal 
back contact and continues like this to next cells and finally the module terminals. 
 
The horizontal current will change the behaviour of the devices as the TCO has a 
different (significantly higher) resistivity than the back contact, and thus the position 
where current is generated becomes important. Current that flows laterally will be 
significantly affected by a distributed series resistance and variations in the device 
properties. 
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Figure 3.3: A diagram of monolithic series connected cell, showing active area, 
monolithic contact area, laser scribing trenches and current flow path [45]. 
 
The major contribution of distributed series resistance comes from the TCO layer [84]. 
Its resistivity is in the range of 10-4-10-3 Ω·cm for typical TCO material [85, 86] which 
is relatively high compared to that of metal back contact such as aluminium or silver 
which has the resistivity in the order of 10-6 Ω·cm [87]. Current that flows laterally will 
to a certain extent be affected by the ohmic losses due to distributed series resistance 
[88]. The effect will increase with increasing current density and the path length of the 
current i.e. module size. 
 
Lateral current is also considerably influenced by the lateral variations in the device 
properties [42, 89]. The variations arise from various reasons including non-uniform 
layer thickness [90], the present of defects, impurities and shunt resistance [81, 91]. The 
majority of these often occur during the fabrication processes, especially the deposition 
of material and laser scribing, or is sometimes inherent in the raw material. Generally 
speaking they are production related issues and this also becomes a good indicator for 
the quality of production and thus solar cell. As a consequence, these variations lead to 
inhomogeneity in solar cell operation such as current mismatch, different voltage drop, 
variation of local PV parameters or degradation problems which ultimately affect the 
global device parameters and performance. 
 
Due to the limitation of the standard one-dimensional diode model in that it can only 
consider lumped parameters and cannot incorporate the above mentioned spatially-
distributed parameters, this leads to a misinterpretation of solar cell performance [84, 
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90, 92] as well as reduced accuracy of parameter extraction [83, 93-95]. For accurate 
performance investigation of solar cells, it is therefore essential that spatial distribution 
and variations properties of solar cells are included into the model. 
 
3.2.2 Distributed models 
Spatially resolved measurement and distributed analysis in solar cells is the 
investigation of solar cell properties or electrical PV parameters by taking into account 
their location (position) on the solar cell or module. It has been done in the past and is 
generally used to investigate the influence of distribution and variation of properties on 
solar cell performance and efficiency. 
 
Early attention to the analysis such as power loss due to distributed resistance uses 
relatively unsophisticated methods where each loss component is calculated separately. 
Work done by R. van den Berg et al [96] and F. Willing et al [8], for example, improves 
the cell efficiency by optimising the cell geometry according to their power loss 
calculations in each part of the solar cell. Some others carried out the study by a 
physical approach where cells or modules are divided into many smaller cells 
(sometimes called “sub-cell”). This process can undertaken during the cell fabrication 
[70, 97] or on the finished device [98, 99], allowing each individual sub-cell to be 
measured separately and locally. This enables a spatially resolved analysis of solar cell 
electrical parameters such as Voc. This method, although representing the real variation 
properties of practical solar cells, is destructive, has a relatively low resolution and is 
time consuming. 
 
Similarly, the concept of dividing a cell into smaller cells or sub-cells was applied in the 
modelling approach with more systematic and controllable manner of variation. As 
mentioned above, the one-dimensional model such as the standard one diode model is 
not applicable to distributed analysis. Instead, in the distributed model, it is divided into 
smaller cells (sub-cells) where each sub-cell contains a diode model as shown in Figure 
3.4. 
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Figure 3.4: One-dimensional distributed solar cell model. In this case the distributed 
series resistance due to the TCO layer is applied while that of the back contact is very 
small and is neglected [82]. There is Rs,Lat connected between each sub-cell indicating 
that each sub-cell could operate at a voltage different from Vo due to voltage drop on 
Rs,Lat. 
 
The sub-cell is constructed from typical PV electrical components as in the standard 
diode model (see e.g. Equation (2.5)) including current source, diode and resistor where 
all of them can be varied independently. The sub-cells are then connected in parallel to 
each other through discrete resistors (lateral resistance) which represents the distributed 
series resistance in the front and back contacts and therefore forming a complete solar 
cell. 
 
For the model based approach, the spatial variation in performance has been studied by 
various researchers on different PV cell structures and technologies including c-Si, 
concentrator and thin film cells. The majority of models used are based on the 
distributed diode model [82, 92, 100] as in Figure 3.4. For more detailed analysis, some 
models were extended further by considering both lateral directions where the model is 
now a network or a matrix of sub-cells, sometimes called the two-dimensional (2D) 
model [67, 91, 101, 102]. Those that include the variations in vertical direction such as 
current source, bulk series resistance or diode are categorised as 3D models [88, 93, 
103, 104]. 
 
Different simulation tools have been used to solve the model but nearly all of them are 
on the basis of numerical analysis, since the typical solar cell equation is implicit and 
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cannot be solved analytically. Later, with advances in computing power, a more 
complex model has been developed and implemented using application software such 
as matlab [82]. Until recently, a number of works in this field employed a more 
practical way which is a circuit based analysis tools (or circuit simulator) to build and 
solve the model, including PORTRAIT, a 2D inhomogeneity analysis [101] or SPICE, a 
well known circuit analysis software package [84, 104, 105]. 
 
It has been shown that a wide range of distributed models have been presented in the 
past. The majority of them consider only one or two dimensions on the effect of 
distributed series resistance. Only 3D network models allow the full investigation of 
inhomogeneity effects in solar cell properties in both magnitude and position aspects. 
The majority of available 3D models are however, applied only on research scale, 
single cell devices and some are relatively complex. Therefore, in this thesis a D3DM is 
developed. The model principle is outlined in the next section. The aim is to use the 
model to gain better understanding and explain the effect of spatial variation of 
parameters on solar cell performance and the behaviour of the LBIC measurement 
signal which will be presented in Chapter 5. 
 
3.2.3 Description of distributed 3D model 
In this work, a D3DM is developed based on circuit analysis software where it is 
constructed from basic electrical components. It follows a similar concept to other 
distributed models, in that the device is divided into small areas or sub-cells (see Figure 
3.5-top) where each sub-cell is connected together laterally to form a network structure 
of a complete solar cell device. 
 
The sub-cell is represented by an elementary unit as shown in Figure 3.5-bottom. The 
elementary unit consists of a one-dimensional solar cell model and lateral resistances 
(Rs,Lat). The one-dimensional solar cell model typically is a standard one diode model as 
shown in Equation (2.5) and its corresponding equivalent circuit in Figure 2.3. They 
comprise a current source (Iph), diode (Id), series (Rs) and parallel (Rp) or shunt (Rsh) 
resistance representing photo-generation, recombination and parasitic losses 
respectively in a practical solar cell. The series resistance in this case is the bulk 
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resistivity of the semiconductor material and is represented as (Rse) i.e. does not include 
that contributed by the contact layers. 
 
Other one-dimensional solar cell models such as the Merten model as in Equation (2.7) 
that takes into account the voltage dependent photocurrent can also easily replace the 
standard diode model for suitable cell technologies and conditions of the simulation. 
Because the emphasis here is on thin film amorphous silicon solar cell, the Merten 
model is employed as the main model in the simulation unless otherwise stated. 
 
Y
X  
Rs,Lat,TCO
Rs,Lat,AL
Xsub
Ysub
Iph
Rse
Id Rsh
 
 
Figure 3.5: The solar cell is divided into many sub-cells (top). The sub-cell (bottom) is 
represented by an elementary unit connected together via lateral series resistance 
forming a complete solar cell. Iph denotes the photocurrent, Id the dark current, Rse series 
resistance due to bulk resistivity and Rsh the shunt resistance. 
 
 39 
The elementary units are connected in parallel to each other via a lateral series 
resistance (Rs,Lat) both at the top and bottom of the cell to form a complete solar cell as 
shown in Figure 3.6. 
 
According to the current flow diagram in previous section, current is assumed to flows 
only laterally in the thin top and bottom contact layers. The lateral resistance is 
therefore the sheet resistance of TCO and aluminium back contact respectively. They 
are represented in the model as discrete resistors; Rs,Lat,TCO and Rs,Lat,AL respectively. 
 
 
 
Figure 3.6: Schematic diagram of the D3DM of a single solar cell with 3 x 3 sub-cells. 
Distributed series resistance along the current flow path can be determined separately 
according to the source of contribution. 
 
Each complete single solar cell in the D3DM can be connected in series to form series 
connected cells as a representation of a module. An interconnection resistance (Rin) can 
be introduced at the interconnection region as shown in Figure 3.7. It arises from the 
resistance of monolithic contact area between two neighbouring cells. Other series 
resistance components such as contact (Rc) and bus bar (Rb) resistance can also be 
included into the model. In this case, typically two bus bars made of aluminium ribbon, 
are placed along the cells at both ends of the cell or module and function as a positive 
and negative terminals. 
 
 
Diode Model
Rs,Lat,TCO
Rs,Lat,AL
Rin
Rb
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Figure 3.7: A schematic diagram shows the D3DM of two cells connected in series 
through a monolithic contact. 
 
With the 3D structure in the model as shown above, the series resistance components 
can be separated and are truly distributed. The value of each resistor in the model can 
vary independently. In other words, local optical and/or electrical properties according 
to particular positions on the solar cell can be incorporated. This is particularly 
beneficial as it allows one to investigate the influence of spatially inhomogeneous 
properties on PV device performance. Having been so constructed, the D3DM is then 
resolved using circuit analysis software. Parameters and methodology are described in 
the following section. 
 
3.2.4 Parameters used in the model and simulation 
In this section, the parameters used in the D3DM simulation are described including 
their definitions and how each of them is derived. Some are typical values obtained 
from literature while the others are extracted from measurements taken during this 
research. It starts with series resistance components, followed by other electrical PV 
characteristics. 
 
In the previous section, it has been shown that the contribution of series resistance from 
each component along the current flow path in a thin film PV device can be separated 
and individually applied in the D3DM. The followings are the list of possible sources of 
series resistance in thin film silicon solar cells and their definitions. 
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a) Lateral resistance due to contact layers 
In a typical thin film silicon solar cell, the major contributor of lateral resistance is due 
to contact layers. TCO such as tin oxide (SnO2) or zinc oxide (ZnO) and metal such as 
aluminium or silver are used as front and back contact respectively. Due to a thin layer, 
it is convenient that the resistance values of these contact layers are determined in terms 
of sheet resistance (Rsheet) as it can be measured directly via a four-point probe 
technique for example. It is the ratio between the material resistivity (ρ) and its layer 
thickness (t) as 
 
sheetR t
ρ=  (3.1) 
 
ρ is resistivity in ohm-centimetre (Ω·cm) and t is the thickness of contact layer in 
centimetre (cm). The unit of Rsheet is thus ohm (Ω), however to avoid confusion with 
other resistance, the unit of sheet resistance is specified as ohms per square (Ω/□). 
 
The lateral series resistance is represented in the model by a network of resistors (Rs,Lat) 
as shown in Figure 3.5 and Figure 3.6. The value of Rs,Lat used in the model is 
approximated by the value of sheet resistance of such contact materials as calculated 
according to Koishiyev et al [106] and Galiana et al [105] for square base sub-cells as 
 
, ( ) ( / )s Lat sheetR RΩ ≅ Ω    (3.2) 
 
Typical resistivity and thickness values of TCO and metal back contacts as shown in 
Table 3.1 are used in the simulation and are represented in the model as Rs,Lat,TCO and 
Rs,Lat,Al respectively. 
 
b) Bulk resistance due to the layer of semiconductor material 
In a thin film device with p-i-n structure, since photo-carriers are under the influence of 
an electric field, it is assumed that current only flows vertically in the semiconductor 
layer as illustrated in Figure 3.2. Lateral current flow in p-i-n layers is very small and 
can be neglected. According to this assumption, the bulk resistance represented as Rse in 
the model is therefore inversely proportional to the sub-cell area and can be calculated 
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as shown in equation (3.3). In other words, the smaller the sub-cell area, the higher the 
bulk resistance. 
 
2( )se
tR
a
ρΩ =  (3.3) 
 
where ρ is the resistivity of semiconductor layer in Ω·cm which in this case is the 
resistivity of the i-layer of a-Si material, p- and n-layer is relatively thin and more 
conductive, they are therefore negligible, t denotes the i-layer thickness in cm, and a2 is 
the sub-cell base area in cm2. 
 
Bulk resistivity varies significantly from device to device as this value is highly 
dependent on several influences such as deposition conditions, doping concentration, 
charge mobility, impurities and temperature. The Rse value obtained from Hegedus et al 
[107] is shown in Table 3.1. It is calculated in specific resistance units (Ω·cm2) for 
convenience of calculation under varying sub-cell area in the simulation.  
 
c) Interconnection resistance 
Cells in a thin film device are connected in series typically via a monolithic connection 
made by laser scribing. This area is called a monolithic contact, located between two 
neighbouring cells. Based on the structure shown in Figure 3.7, the interconnection 
resistance value represented in the model as Rin is a combination of series resistance 
contributed from TCO, metal back contact and the interface between these two. The 
value of Rin can be measured [8, 96, 108] and is shown to be very small, in the 
magnitude of mΩ·cm2. 
 
d) Other series resistance sources 
Other sources of series resistance such as bus bar resistance (Rb), contact resistance (Rc) 
and external connection resistance, etc. can also be represented by discrete resistors and 
included in the D3DM for simulation. 
 
Although nearly all of the series resistance contributions can be estimated and included 
into the model, for simplification, in some cases of simulations, certain series resistance 
parameters that have very small values compared to that of the TCO and hardly show 
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any influence on the solar cell performance are neglected, which is reasonable for high 
quality solar cells. 
 
TCO (ZnO) 
Resistivity [84, 86, 109] 
Thickness  [86, 110] 
Sheet resistance  
 
1x10-3 Ω·cm 
1-1.5 µm 
6-10 Ω/□ 
 
Back contact (Al) 
Resistivity  [87] 
Thickness   [42] 
Sheet resistance 
 
 
2.8x10-6 Ω·cm 
20-30 nm 
0.9-1.4 Ω/□ 
 
Bulk material (i-layer) 
Resistivity  [107] 
Thickness   [45, 46] 
 
 
0.33-1 x 106 Ω·cm 
0.20-0.30 µm 
 
Table 3.1: Summary of the main series resistance source in an a-Si solar cell. 
 
Other electrical parameters and constants used in the D3DM simulation are summarised 
in Table 3.2. These include standard model diode parameters (Equation (2.5)), 
additional parameters for the Merten diode model (Equation (2.6)) and constants. These 
parameters are obtained partly from literature and partly from measurements. Because 
the properties of a thin film a-Si solar cell is very dependent on production and 
environmental conditions, parameters shown here are only indicative and are used as 
typical values in the D3DM and its simulation. Values from measurement and those 
outside these ranges are also used to investigate their influence on the performance of 
the solar cell. 
 
Standard parameters (Equation (2.5)) 
I0    [52] 
Iph 
Rsh  [54] 
 
10-9-10-7 mA/cm2 
13-15 mA/cm2 
5.3x105 - 9x105 Ω·cm2 
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n 2 
 
Merten model (Equation (2.7)) 
µτ   [72, 111] 
Vbi   [52]  
 
 
5x10-9-5x10-7 cm2/V 
1.1 V 
  
Constants 
q 
K 
T 
 
1.602 x 10-19 C 
1.380 × 10−23 J/K 
298.15 K 
 
Table 3.2: Summary of parameters used in the simulation of the D3DM. These include 
parameters for standard and applied one diode model, and constants. 
 
3.3 Model implementation and simulation procedure 
In the previous section the concept of the D3DM has been described. In this section, 
how the model is created and simulated as well as tools used in these processes are 
demonstrated. The first part of this section aims to give a background of the SPICE 
software package. The comparison between two SPICE based packages, PSpice and 
WinSpice, are shown, followed by the simulation procedure. 
 
3.3.1 SPICE: circuit analysis software 
SPICE is circuit analysis and simulation software. The name stands for Simulation 
Program for Integrated Circuits Emphasis. It was first developed particularly for the 
study of integrated circuits at the Electronics Research Laboratory, University of 
California, Berkeley in the early 1970s. SPICE2 and SPICE3 were later developed there 
as improved versions [112, 113]. Due to its robust, powerful and general purpose circuit 
simulator, SPICE2 became an industrial standard tool for circuit simulation. Since then, 
a variety of SPICE software has emerged, developed by various persons or groups, 
which are available as both freeware for non-commercial and educational proposes and 
commercial products with almost all of them based on the SPICE2 algorithm (engine) 
[112, 114]. 
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In the following, the two most popular SPICE software, PSpice and WinSpice are 
discussed. PSpice is described here intending for the background understanding of how 
SPICE based software work as well as for certain simulations. WinSpice, however, is 
chosen for the main simulation work in this thesis. More reasons for this are given in 
the following. 
 
3.3.1.1 PSpice 
PSpice is one of the most commonly used SPICE based circuit simulator softwares. It is 
based on SPICE2 and is specially designed for use on a personal computer. PSpice is 
currently a commercial product owned by Cadence [115], however, a free version is 
available with some limitations i.e. limited number of nodes and components and 
limited access to device library [112, 116]. It consists of two main programs which are 
normally known as PSpice A/D and Capture or schematic depending on the version. 
 
 
 
Figure 3.8: Circuit file (.CIR) example used in the 3D distributed simulation of single 
cell with 3 x 3 sub-cells. 
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Basically PSpice operates in the way that PSpice A/D reads an input circuit file and 
performs a simulation according to a circuit description and requested analysis types 
and then outputs the results in terms of graphic or data file. The circuit file set is a text 
based file with “.CIR” extension. It contains a description of the circuit called netlist (a 
list of components with their corresponding names, nodes, properties and values) and 
SPICE commands (analysis and output types), as shown in Figure 3.8. 
 
 
 
 
Figure 3.9: The circuit schematic are drawn as one would connect them in reality, 
before (top) and after (bottom) simulation as in the Capture program. The circuit 
diagram shown is a D3DM with 3x3 sub-cells. After the simulation, output results such 
as voltage and current value at each node can be shown on the diagram. 
 
The circuit file can be realised through two methods. Firstly, directly in the format of 
statement or command line which one can create in the PSpice A/D text window or 
alternatively by using any text editor and saved with .CIR extension. Secondly, it can be 
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created through the Capture (schematic) program. The capture part is where the 
designed circuits are drawn. The circuit component parts such as diode, resistor, current 
and sources are placed and connected together as they would appear on the circuit 
board. Names, values and properties of each component are determined as shown in 
Figure 3.9. This schematic ultimately is automatically transformed into a netlist. The 
netlist together with the analysis commands specified in the simulation profile options 
are then read and simulated by PSpice A/D. 
 
Drawing the circuit schematic diagram is relatively easy to do as it is more visual than 
text based input circuit files. It is very useful in certain situations i.e. to gain a thorough 
understanding of how current flow or voltage drop at different part of the device or the 
effect of non-uniform parameters. However, it is relatively difficult to draw and 
simulate a complex or large circuit via the schematic method i.e. with hundreds or 
thousands of sub-cells. Therefore, in this thesis, the text based method (.CIR file) is 
used in the majority of the simulations. 
 
3.3.1.2 WinSpice 
WinSpice is a general-purpose circuit simulation software developed by Mike Smith. It 
is free for shareware version and affordable for the full version. It is also widely used 
and accepted within the community. It is compatible with component, command and 
syntax based on SPICE3 [117]. Generally speaking, any circuit file (.CIR) written for 
PSpice can be simulated by WinSpice. 
 
WinSpice does not have schematic capture program in its own package, however it can 
be used together with third party schematic capture tools such as 5spice [118]. 
WinSpice is small size software and can be controlled and run via matlab for batch 
simulations.  It is also a circuit analysis tool used in and support by the Electronic and 
Electrical Engineering Department at Loughborough University. 
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Figure 3.10: A screen shot of WinSpice software, showing the simulation of the D3DM. 
 
Figure 3.11: Comparison of simulation results of the same code (30x30 sub-cells) 
performed by PSpice A/D and WinSpice. The I-V curves are nearly identical. The tiny 
difference is from current value in the order of micro amps. 
 
Next, the simulation results from PSpice and WinSpice are compared. The same code 
was used for the simulation of both SPICE softwares. Simulation results are the I-V 
characteristic. The results I-V curves simulated from PSpice and WinSpice are perfectly 
matched as shown in Figure 3.11. Voltage values and sweep steps are identical as 
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specified by the user while the difference of current is very tiny, in the order of micro-
amps. 
 
Simulation time is also compared between these two SPICE softwares. Circuit files 
containing circuits with varying numbers of sub-cell (3x3, 10x10, 20x20 and 30x30) are 
simulated. Using a personal computer with CPU speed of 2 GHz and 2.86 GB of 
memory, the simulation time of WinSpice appears to be much faster than that of PSpice 
for higher numbers of sub-cells. As shown in Table 3.3, the simulation time of circuit 
with 30x30 sub-cells which is a typical number of sub-cells used in later simulations, 
performed by WinSpice is nearly 85 times faster than that of PSpice.  
 
Sub-cell WinSpice (sec) PSpice (sec) 
3x3 1.25 0.05 
10x10 1.45 2.14 
20x20 5.11 234.94 
30x30 28.47 2398.88 
 
Table 3.3: Comparison of simulation time in seconds using WinSpice and PSpice 
operating on the identical circuit file input. 
 
In summary, both SPICE softwares give equally good simulation quality and will be 
used for simulation later in this thesis. On the one hand, PSpice supports the simulation 
from schematic diagrams. It is very useful for the investigation of small circuits and for 
understanding the effect of distributed parameters. On the other hand, WinSpice uses 
less simulation time, can be controlled via matlab and allows a simulation of multiple 
files (batch mode). This is suitable for the LBIC simulation (later in Chapter 5) which 
require a .CIR file for every point of laser movement. 
 
3.3.2 Circuit input file  
The circuit input file (.CIR) consists of two main parts- circuit description and analysis 
and output control statements. 
 
 50 
In the circuit description part, the circuit is described by how electrical components or 
parts are connected together. This includes information such as name, value and node. 
Device parameters in the circuit file must be arranged in the way that SPICE can 
recognise. This is implemented by the SPICE syntax. 
 
In some cases, a group of electrical components or small circuits that are used 
repetitively in the main circuit can be grouped together, known as a sub-circuit. This is 
similar to other programming software such as subVI in LabVIEW. The definition of a 
sub-circuit is written in a separate file and saved as library file with .LIB extension. A 
sub-circuit example can be seen in Figure 3.13. They can be called from the main 
circuit file by .inc command which is the command that used to insert the contents of 
another file into the main circuit file. 
 
The construction of the D3DM is designed based on a 3x3 sub-cell in the way that they 
are aligned in the north, south, east, west, north-east, north-west, south-east, south-west 
directions and centre. This means that sub-cells or elementary units will use different 
sub-circuits depending on its relative position in the solar cell (based on 3x3 sub-cells). 
In total there are 9 sub-circuits. The difference is the lateral connection to neighbouring 
sub-cells at the top and bottom contact, as shown for example in Figure 3.12. The 
corresponding statement of centre sub-circuit, one on the left of Figure 3.12 is given in 
Figure 3.13. 
 
       
 
Figure 3.12: Examples of sub-circuits (elementary unit) diagrams in different locations; 
centre, north and north-east (located at centre, top and top right of the 3x3 sub-cell). 
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Figure 3.13: A sub-circuit circuit description example (.LIB). Parameters within {-} 
obtain values from the main circuit.   
 
The second part indicates the analysis type and the required outputs. The main analysis 
type used in our simulation is DC analysis. This means that all sources in the circuit are 
DC type and no inductors and capacitors are considered. The circuit input file is 
normally structured in the following order; starting with a title line followed by the 
main part which is the circuit description and parameters, then analysis type and output 
control statements. The file is closed with a “.end” statement. A typical circuit file used 
in the simulation based on the 3D distributed circuit diagram is shown in Figure 3.8. 
 
3.3.3 Simulation procedure 
In some cases, if the circuit description consists of a large number of components and 
sub-cells, it is relatively difficult to generate it manually. Therefore a Spice Code 
Generator (SCG) was written in LabVIEW to generate the circuit description (.CIR) 
files. By entering parameters such as current, resistance values, cell area, number of 
sub-cells or number of cell in series into the SCG, the program generates circuit 
description files automatically, in the format ready for simulation by WinSpice. The 
main page of the SCG program is shown in Figure 3.14. 
 
After obtaining the circuit (CIR) and sub-circuit (LIB) files, they are saved into the 
WinSpice program folder and are ready to perform a simulation. In order to operate 
WinSpice via matlab, a matlab script is written and has been called Automatic 
WinSpice Simulation (AWS). This method allows multiple circuit input files to be 
simulated automatically.  
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Figure 3.14: Front panel of the Spice Code Generator (SCG) program written in 
LabVIEW. When input data is entered, it generates circuit input (CIR) files 
automatically. 
 
In summary, the simulation procedure starts by  
1. generating circuit files (.CIR) via LabVIEW written SCG program 
2. Circuit (CIR) and sub-circuit (LIB) files are stored in the WinSpice program 
folder 
3. WinSpice is then called through matlab using AWS script and performs 
simulations through all circuit files in the WinSpice folder automatically.  
4. After each simulation, output results are saved in comma separated values (csv) 
file format which is convenient for later analysis and plotting. 
 
3.3.4 Simulation results of distributed 3D model 
This section investigates the effect of number of sub-cells used in the simulation. The 
simulation results from the D3DM are compared to measurements taken under similar 
conditions and thus the model is validated. It should be noted that the simulation from 
the D3DM does not aim at reproducing the measurements with high accuracy for the 
given low number of sub-cells. It is however, intended to show trends and, most 
importantly, the influence of distributed parameters on the performance of thin film 
solar cells. 
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3.3.4.1 Number of sub-cells 
The D3DM is constructed based on sub-cell units (see Figure 3.5) and connecting them 
through lateral resistances to form a complete solar cell. I-V curves are simulated in the 
following using the D3DM and the sensitivity to the number of sub-cells and the lateral 
resistance are discussed. 
 
The I-V curves were simulated using the Merten model Equation (2.7) based on a 1 cm 
x 1 cm solar cell with the number of sub-cells ranging from 3 x 3 to 30 x 30. This 
corresponds to a dimension of sub-cell (resolution) of approximately 0.33 cm to 0.033 
cm, respectively. In this simulation, all series resistance parameters are neglected except 
Rs,Lat,TCO while other parameters are kept constant. Two groups of I-V curves simulated 
with small and typical Rs,Lat,TCO (TCO sheet resistance of 0.001 and 10 Ω/□) are shown 
in Figure 3.15 and Figure 3.16 respectively. 
 
Figure 3.15: Simulated I-V curves from the D3DM with varying number of sub-cells 
from 3x3 to 30x30. The TCO sheet resistance (Rs,Lat,TCO) was 0.001 Ω/□.  
 
The I-V curves are virtually identical for small or no lateral resistance between the sub-
cells. The sub-cells are a set of cells connected to one bus as long as no lateral 
resistance is introduced. Each of them generates the same amount of current which is 
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equal to the total current divided by the number of sub-cells. No voltage is lost due to 
lateral resistance between sub-cells and nodes. 
 
There is a difference in the resulting I-V curves for higher value of Rs,Lat,TCO (TCO sheet 
resistance = 10 Ω/□). The difference in I-V curves is due to the effect of lateral series 
resistance which is apparent from the slope around Voc. (i.e. higher slope at Voc has 
greater value of series resistance). According to Figure 3.16, an I-V curve of 10x10 sub-
cells is affected by series resistance (higher slope) more than that of 5x5 and 3x3 sub-
cells. However, the I-V curves generated with 10x10 sub-cells onward, based on the 
slope at Voc, the value of series resistance decreases with increasing number of sub-
cells. This trend is the same for different device shapes i.e. rectangular and other values 
of lateral resistance. The difference however decreases with decreasing lateral 
resistance value and when there is no lateral resistance, all I-V curves are the same 
regardless of the number of sub-cells as shown in Figure 3.15. 
 
Figure 3.16: I-V curves simulated from the D3DM by varying the number of sub-cells. 
The TCO sheet resistance (Rs,Lat,TCO) used in this simulation is 10 Ω/□. The solid line is 
an I-V curve simulated with no lateral resistance (TCO sheet resistance = 0.001 Ω/□) 
shown here for comparison purpose. The inset shows more detail of the main graph. 
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The change of series resistance with number of sub-cells could be due to the difference 
in distance that the current has to travel through the TCO layer. Similar findings were 
reported [82, 106] where the difference of slope at Voc between 1D and distributed 
model becomes greater with higher values of series resistance. At this point, the D3DM 
is not intended for exact parameter extraction, but only to derive an understanding of 
the effects of non-uniformity in the device. For comparison purposes, it is justifiable as 
long as the sub-cell number is kept the same. 
 
3.3.4.2 Measurement and simulation 
In this sub-section, the I-V characteristics of a solar cell obtained from measurement 
and simulation are shown. The sample used in the following measurements is a single 
junction a-Si mini-module with 4 cells connected in series. The cell dimension is 1.2 cm 
x 4.8 cm. External contacts are made to each cell as shown in Figure 3.17 meaning that 
each cell is accessible and measurements can be performed individually. 
 
 
 
Figure 3.17: A single junction a-Si mini-module with 4 cells connected in series with 
each cell having its own contact. A single cell dimension is 1.2 cm x 4.8 cm. 
 
The I-V measurement was taken in the Pasan solar simulator, performed under standard 
test conditions (STC) i.e. at 1000 W/m2, AM1.5G, 25°C. An I-V curve of a single cell 
was simulated using a D3DM. The model was constructed to represent the real 
dimensions of the device. In this case, the number of sub-cells of 12 x 48 was used 
according to the single cell dimension. The Merten diode model was also used in order 
to take into account voltage dependent photocurrent in the a-Si device. 
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The same conditions as in the measurements are applied. Certain input parameters are 
extracted from the measurement such as photocurrent and dark current while for the 
others realistic material parameters are used, assuming that they are uniformly 
distributed over the cell area. The parameters used in the model are shown in Table 3.4. 
The simulation result of the D3DM is in good agreement with the measurement as 
shown in Figure 3.18. 
 
Parameters Value 
I0 (mA/cm2)* 1x10-7 
Iph (mA/cm2)* 13.5 
Rsh (kΩ-cm2)     [54] 530 
Rsheet TCO (Ω/□)  [84, 86, 109, 110] 10 
Rsheet AL (Ω/□)    [42, 87] 0.9 
Rse (Ω-cm2)       [45, 46, 107] 11 
 
Table 3.4: Parameters used in the simulation of I-V curves in this section (Parameters 
with * are extracted from the I-V measurement using Merten model). 
 
Figure 3.18: I-V curve of a single junction a-Si cell, comparing between the 
measurement from solar simulator and simulation from the D3DM. 
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The distributed model can also be used for the simulation of I-V characteristics 
measured under different conditions e.g. light intensity. Figure 3.19 shows the 
comparison between measurement and simulation of I-V curves with varying light 
intensity. The I-V measurements were performed on a single cell in the mini-module 
mentioned above for all light intensities (200, 400, 600, 800 and 1000 W/m2). The same 
parameters as in Table 3.4 are used apart from the light intensity which varies between 
200 and 1000 W/m2. 
 
It can be seen from the figure that there are differences between measured and 
simulated I-V curves. The discrepancy is due to the fact that the spectrum of light from 
the solar simulator has slightly changed when measuring at different levels of light 
intensity. This is evidenced from the ratio between measured Isc and irradiance which is 
not constant. However, the agreement between measurement and simulation results is 
within the measurement accuracy. The D3DM has shown to be able to generate I-V 
curves that are well matched to the measurements under different environmental 
conditions. 
 
Figure 3.19: The measured and simulated I-V characteristics of single junction a-Si cell 
(dimension 1.2 cm x 4.8 cm) under different level of light intensity. The measurements 
were performed in a solar simulator under intensity ranging from 200 to 1000 W/m2. 
The solid lines represent simulation while symbols represent measurement. 
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3.4 Conclusions 
In this chapter the D3DM developed for this research has been described. It was 
developed through circuit analysis software (SPICE) based on the real structure and 
geometry of thin film PV devices. It is constructed of electrical components whose 
parameters can be individually adjusted and are truly distributed and embedded in the 
3D structure. The model also provides great flexibility in allowing an appropriate solar 
cell model to be employed for the investigated PV technology. 
 
Model generation and simulation procedures have been made relatively convenient with 
semi-automated processes developed during this work. Text based circuit input files are 
generated with the SCG written in LabVIEW, with only key electrical parameters 
required as inputs.  The simulation can be performed through PSpice and WinSpice. 
PSpice allows a schematic circuit diagram simulation while WinSpice can be operated 
via matlab script with AWS offering a multiple file simulation as a batch processing 
mode. 
 
It has been shown that the model is flexible, powerful and allows great possibilities in 
the investigation of distributed parameters and the non-homogeneity properties that 
affect the performance of thin film solar devices. The comparison between 
measurement and simulation results under different conditions is in agreement within 
the measurement uncertainties. 
 
In the next chapter, the LBIC system will be described. This includes the principal of 
operation, hardware components and system characterisation. The D3DM as described 
in this chapter will be used later for the interpretation and analysis of the measurements 
from this LBIC system. 
 
 59 
4 Experimental setup 
4.1 Introduction 
In the previous chapter, a model was developed to explain the behaviour of thin film 
silicon solar cells and modules. In particular the spatially distributed characteristics 
were investigated with this model. Spatially distributed characteristics of PV devices 
are amongst the most important factors that determine the overall performance and 
stability of photovoltaic devices. One small sub-optimal area can considerably 
deteriorate the performance of a device and lead to severe reduction of power level of 
the entire PV module. Widely used characterisation techniques, such as the power 
rating with a solar simulator, are used for assessing the device globally but give no 
direct information on localised properties of and spatial variation across the devices. 
 
Thus, there is a clear need for a characterisation tool that provides information on the 
spatial (in-)homogeneity of PV devices. This is important for enabling these 
technologies to reach their full potential. In order to probe such properties 
experimentally, a measurement system that possesses spatial mapping ability is 
required. This can be achieved by a laser scanning technique such as is employed in the 
laser beam induced current (LBIC) system that has been developed at CREST. 
 
In this chapter, the LBIC system is described in detail. The chapter starts with the 
background and applications of the LBIC system as well as its principle of operation. A 
new limiting cell measurement technique for more accurate measurement is then 
proposed and demonstrated. This is followed by the system configuration and hardware 
specification of the CREST LBIC system including lasers, optical apparatus and 
measurement devices. A shading device which is used for limiting cell measurement is 
also described. Finally, the characterisation of the LBIC system particularly the laser is 
demonstrated in order to warranty reliability and repeatability of this tool. 
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4.2 LBIC system 
4.2.1 LBIC System Background  
A laser beam induced current system is a non-destructive characterisation tool. Based 
on optical scanning, it is able to perform on any photo-sensitive device e.g. 
semiconductor, photodiode and solar cell. By scanning a laser beam across a PV device, 
it typically produces a detailed photocurrent map that shows spatial variation and 
reveals the non-uniformity of the investigated device. The most common application is 
to detect and locate defects, cracks and short-circuited areas (which cannot be detected 
visually). These defects cause a loss in efficiency or significant changes in solar cell or 
module power output. 
 
Being non-destructive and having a high resolution, the LBIC system becomes one of 
the most effective techniques for revealing the spatial inhomogeneity of PV devices, 
albeit it takes some time to carry out a scan. In the following, the principle of operation 
and a brief background of the LBIC based systems is summarised, including size, light 
sources, external bias, data acquisition and applications reported in the literature. 
 
4.2.1.1 Generalised description of LBIC measurement 
The descriptions of the measurement setup and associated diagram (Figure 4.1) are 
based on CREST’s LBIC system and are given to serve as a general guidance of the 
LBIC system. The measurement setup begins by connecting a solar cell or module to 
the measurement circuit. Only two terminals (positive and negative) from the device are 
required. This means that encapsulated modules are measured non-destructively. They 
are connected to a shunt resistor across which a voltage drop is measured. This is the 
method whereby current generated from the PV module can be measured as it is 
directly proportional to the voltage drop across the resistor. 
 
The generated current is induced by a chopped laser beam. The beam requires 
modulation with a reference frequency for signal extraction purpose. The laser beam 
originates from a laser tube and then passes through an optical chopper and focusing 
system. It is then guided to the solar cell on a working plane by galvanic mirrors. Two 
types of external bias are available. Light bias, or background illumination, is obtained 
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from the array of halogen lamps, while voltage bias is obtained through connection of a 
power supply. 
 
On the measurement side, a coaxial cable is connected from the shunt resistor to the 
input of the preamplifier (preamp) and then from the output of the preamp to the input 
of the lock-in amplifier. The LBIC hardware and connection diagram is shown in 
Figure 4.1. The measurement software is used to define the scan area (line or area scan) 
and configure the lock-in amplifier. Measured data is saved as a function of the position 
of the scan head. This data can be plotted for visualisation and used for later analysis. 
The typical plot is in 3D where the x and y axes represent physical position coordinates 
while the z axis shows the signal strength. 
 
 
Figure 4.1: Schematic showing the main components of the CREST LBIC and their 
connections. 
 
4.2.1.2 System size 
The laser scanning technique was reported to be applied to photovoltaic devices as early 
as the late 1970s [119, 120]. From then on, together with the growth of interest in PV 
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and advances in computer and measurement technology, a number of research groups 
have worked on and developed the LBIC based measurement system [121-124], 
although largely on cell level. 
 
LBIC systems are normally designed based on a target test sample, ranging from small 
scale systems for laboratory cells to large area systems for full size commercial PV 
modules. Small scale systems are usually designed to investigate a single cell laboratory 
scale device i.e. smaller than 1 cm2 up to a full size wafer of 100-225 cm2 [125-128]. 
Since the surface of the tested devices is small, most of these small systems often 
choose to move the test device while the laser is fixed to avoid any complications with 
beam focusing problems. 
 
The movement is achieved by an x-y table which functions as a sample holder. It is 
normally controlled by computer and allows a relatively high resolution and positioning 
accuracy. However, this is entirely depending on the performance of the transition 
table. Moreover, small systems can also benefit from the availability of standard 
microscope lenses e.g. objective lenses, which are used to adjust the beam size and 
focal length [123, 127]. 
 
Other LBIC systems are designed for large scale, module size devices which can 
perform scans over full scale PV modules, while maintaining the ability to do a small 
area scan [121, 123, 124]. Due to the very large area of the devices under test, moving a 
small mirror galvanically is faster than a full size module. With this method, the device 
is fixed while the laser beam is guided by the scanner onto different parts of the device 
and can cover a relatively large area. There is however, a down side of moving the laser 
beam on a large surface area. The distance between the mirrors and the area where the 
laser is incident on the measurement plane is not constant, which means that the beam 
will be come out of focus. However, this can be resolved by adding a motorised lens to 
adjust the beam focus e.g. see sub-Section 4.3.2.2. 
 
4.2.1.3 Light sources 
The LBIC system typically uses a laser for local perturbation or excitation. The most 
common one is a HeNe laser, which gives a red beam with wavelength of 633nm. 
 63 
These lasers require great stability and need to have low power (normally less than 10 
mW) in order not to generate heat on or to accidentally damage the sample during the 
measurement. A laser beam is normally modulated and guided to the PV device by 
optical apparatus or in some systems by optical fibre [123, 128, 129]. Additional lasers 
and a variety of other light sources can be also applied as a beam probe. Some LBIC 
systems have additional lasers of different wavelengths, operated one at a time [130, 
131] or at the same time (via modulation and demodulation technique) [132]. They are 
chosen to suit the material or measurement objective, in order to probe different depths 
(layers) in the device or different junctions in multi-junction PV devices. 
 
Meanwhile in other systems, for a variable and complete range of measurement spectra, 
a monochromator is used to generate a focused light beam [133, 134]. In Agostinelli’s 
group, for example, their system is called optical beam induced current (OBIC) and 
provides a monochromated beam that can vary from 300 nm – 1100 nm with 20 nm 
bandwidth. Focused white light can also be used as a beam probe where the intention is 
to generate the absorption profile of tested devices close to or matched to realistic 
outdoor conditions i.e. spectrum AM1.5. White light from sources such as halogen 
lamps [127] has been used. Concentrated sunlight is also possible as seen in a solar 
LBIC (S-LBIC) system developed by Vorster [135]. Their system is installed on a 
tracker and utilises the direct beam of solar radiation around solar noon.  
 
4.2.1.4 Biases 
The LBIC scan can be performed under different measurement conditions. A typical 
LBIC measurement condition is performed on single cells under short circuit in the 
dark, where the signal is proportional to the localised collection and generation 
properties at this condition. Most LBIC systems are able to apply external bias such as 
light or voltage (current) bias during the measurement. These biases shift the operating 
point and behaviour of the PV device, giving different aspects of analysis and allowing 
additional useful information to be extracted. Light bias is normally supplied in form of 
background illumination which needs to cover the entire area of the PV device and 
requires a high level of uniformity. Voltage (current) bias, on the other hand, is 
generally injected through the device contacts by a power supply. 
 
 64 
4.2.1.5 Data acquisition and display 
In terms of measurement and display, the system in the early days used a normal 
(current to voltage) amplifier. The signal would be matched with corresponding x-y 
position and displayed directly on a storage oscilloscope or monitor [120, 125]. The 
variation of signal strength with time was judged by the brightness level (gray scale). 
 
Nowadays, most recent LBIC systems use a lock-in technique to obtain the 
photoresponse signal induced by the laser. With this technique, a very small AC signal 
can be detected and measured. Without this technique, the signal obtained in typical 
LBIC measurements would not be measureable. In order for a lock-in amplifier to 
detect a signal, it requires a reference frequency. The frequency is incorporated into the 
laser beam either by an optical chopper or oscillator modulated power supply. 
Measured data is stored and saved for later analysis. 
 
4.2.1.6 Commercial LBIC systems 
Commercial LBIC systems are available but only on small scale systems that often are 
designed specifically for a single c-Si wafer based cell. They are normally multi-
functional machines with various measurement capabilities. One such machine includes 
carrier lifetime, sheet resistance, reflectance and quantum efficiency measurements [11] 
while another is a machine where measurements are based on the contact resistance 
scan (corescan) method [12]. Corescan is a method to determine the contact resistance. 
It is a destructive method in that it uses a probe to measure the local potential at device 
surface while the cell is illuminated. The system, however produce relatively low LBIC 
resolution due to large beam size. 
 
4.2.1.7 Summary of LBIC based systems 
A summary of the development time line for PV characterisation and available 
commercial based LBIC systems are shown in Table 4.1 and Table 4.2 respectively. 
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Table 4.1: Chronological development of LBIC systems for solar photovoltaic applications. 
 
Year Author Research Group Cell/Module Technology Movement Light source (Ø) Ext. Bias Data analysis and Other information 
1981 E.L. Miller 
[120]  
Jet Propulsion 
Laboratory 
Cal. Tech, USA 
Module: 
30cmx120cm 
c-Si Mirror He-Ne 
(0.05-0.1mm) 
Voltage - Failure analysis 
- Locating crack, broken, shorted cell 
1989 S. Damaskinos 
[125] 
Inst. of Energy 
Conversion 
Uni. of Delaware 
USA 
Cell: 
10cmx10cm  
CIS Mirror 442, 633 nm 
(2μm-100μm) 
Light 
Voltage  
- Discriminate cause of non-uniformity 
(type of defects) 
- generation loss vs. collection loss by 
using reflection, 
- different laser wavelength, light and 
voltage bias 
1994 R.J. Matson 
[121] 
NREL, Golden, USA Module: 
1cm2 - 4m2 
c-Si 
CdTe 
CIS 
Mirror He-Ne: 633 nm 
(0.1mm)  
Light 
Voltage 
- Effect of non-uniform bias light on 
measurement signal 
- Effect of external bias; light (dark, light) 
and voltage bias (reverse, zero, forward) 
1997 R. Bisconti 
[123] 
ESTI, Ispra, Italy Cell/Module: 
25mmx25mm 
70cmx130cm 
c-Si  X-Y table
Mirror 
442, 543.5, 
632.8 nm 
(10μm-50μm) 
- - Effect of measurement setup; no of 
average per single point measurement and 
step resolution 
2000 
(2005) 
J. Carstensen  
[122] 
(S.Mathijssen) 
[136] 
University of Kiel 
Kiel, Germany 
Cell 
Mini-module 
c-Si 
(CIGS 
uc-Si) 
Mirror Infrared laser Light 
Voltage 
- Defect identification 
- Localise shunt and series resistance 
mapping 
- Local I-V curve (measure at Isc, mpp, Voc) 
2000 A.Kress 
[128] 
Universitat Konstanz
Konstanz, Germany 
Cell c-Si X-Y table Laser diode: 
833, 905 nm 
Light 
Voltage 
- Investigate emitter wrap through cell 
- Shunt detection 
2000 Th. Kulessa 
[127] 
Forschungszentrum 
Julich, Germany 
Cell: 
10cmx10cm 
a-Si X-Y table He-Ne: 633nm 
(30 μm) 
Xenon lamp: 
150W 
Light - Detection of local shunt 
- Effect of TCO on LBIC signal 
- Degradation study 
- Reverse bias and local shunt (burn shunt) 
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Table: 4.1: Continue… 
Year Author Research Group Cell/Module Technology Movement Light source (Ø) Ext. Bias Data analysis and Other information 
2001 
(2000) 
G.Agostinelli 
[133] 
(S.Roschier) 
[137] 
JRC, Ispra, Italy Cell/Module: 
150cmx150cm 
c-Si 
(a-Si) 
Mirror He-Ne: 632.8nm Light 
Voltage 
- Sample mounted vertically 
- Inline for quality assurance 
- Less than  3 seconds  line scan on  4 cells 
string 
- Effect of external bias (light, current) on 
LBIC signal 
2004 T.Michel 
[124] 
CREST 
Loughborough, UK 
Cell/Module: 
150cmx150cm 
c-Si/a-Si 
other TF 
Mirror He-Ne: 633nm 
Laser diode: 
410,785nm 
Light 
Voltage 
- Defect location 
- Failure analysis 
- Limiting cell measurement 
2007 F.J. Vorster 
[135] 
Nelson Mandela 
Metropolitan 
University, 
South Africa 
Cell: 
6.2mmx6.2mm 
c-Si X-Y table 
Tracker  
Concentrate 
Sunlight 
(0.14 mm)  
Voltage - Transient capacitive effect (bias the cell 
from reverse to forward at constant rate) 
- Identify defects under different bias 
conditions 
 
 
Table 4.2: Commercial LBIC Systems. 
 
Model Company From Cell/Module Technology Move Light source (Ø) Functions 
WT-2000PV Semilab 
[11] 
Budapest, Hungary Cell c-Si X-Y table Laser: 650-
980nm  
(100 um) 
- uPCD: carrier lifetime 
- Eddy current: bulk resistivity 
- SHR: emitter sheet resistance 
- LBIC: EQE 
Corescan Sunlab 
[12] 
ECN Sunlab, Netherland Cell c-Si X-Y table White light 
(9 mm) 
- Contact resistance 
- Shunt scan map 
- LBIC map 
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4.2.2 LBIC Signal and Measurement Types 
The LBIC system allows spatially resolved investigations of the light collection in the 
PV device where localised properties can be revealed through the impact of incident 
light. There are two main measurement techniques that are generally used. A typical 
LBIC measurement is performed under short circuit conditions in the dark. This type of 
measurement is called dark-LBIC (d-LBIC). Another LBIC measurement type is 
performed with the presence of external bias such as background illumination and is 
termed illuminated-LBIC (i-LBIC). 
 
A new measurement technique is introduced in this thesis which is called limiting 
illuminated LBIC or li-LBIC. With this technique the investigated cell in the module is 
brought into limiting conditions by means of a shading device. Each type of 
measurement is represented by diagrams as shown in Figure 4.2. Each measurement 
type is described in the following sections. 
 
             
 
Figure 4.2: The diagrams represent three LBIC measurement types; d-LBIC (left), i-
LBIC (centre) and li-LBIC (right). 
 
4.2.2.1 d-LBIC 
The current generated by a PV device in response to the chopped laser beam, i.e. LBIC 
signal, is the current at or close to short circuit condition in the case of a single cell. In 
general the LBIC measurement under this condition for a single cell is relatively 
straight forward. The analysis of a module is more complicated as discussed below. The 
strength of the current signal depends on i) the laser wavelength and beam intensity and 
ii) localised absorption and generation properties at the area where the laser is incident 
as well as the electrical parameters such as shunt and series resistance of that cell [121]. 
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However, since the laser wavelength is the same and the beam intensity is constant (see 
Section 4.4.1), the variation of the current signal will depend only on the latter. 
 
On the other hand, the LBIC signal obtained from series connected cells or a module is 
much more complicated. Only one cell is illuminated by the laser beam. The remaining 
cells in the module are in dark conditions. As the module is at short circuit, this means 
that the laser illuminated cell is pushed into forward bias, while dark cells are reverse 
biased. The balance of forward and reverse voltage will determine the operating point 
of each cell, with the limiting (dark) cells acting as a current sink. Thus the current 
generated between those two groups is not equal and causes a mismatch condition. The 
analysis is based on Kirchhoff’s laws, which indicate that the current flowing in a series 
connection is identical. There is only a certain ‘driving force’ behind the LBIC signal 
(i.e. maximum voltage achievable) and to bring the dark cells to a point where they 
would allow the amount of current through would mean to drive the dark cells into 
reverse bias, close to reverse breakdown. The voltage required for that is around 6-12 
V/cell, which clearly cannot be achieved by illuminating a single cell. Thus the signal is 
strongly affected by the mismatch behaviour of the limiting cells. 
 
In this case, apart from local effects such as generation and absorption and the shunt 
and series resistance of the laser illuminated cell, the LBIC signal strength is largely 
influenced by the overall properties of cells in the rest of the module, in particular shunt 
resistance. This can be shown in the following example. A simulation example is shown 
in Figure 4.3 where the I-V curves of a mini-module (4 cells) are simulated under d-
LBIC condition. The plots are I-V curves of 1) mini-module with laser spot on 2nd cell 
from the left, 2) single cell (2nd cell) and 3) its mirror and 4) I-V of the rest of the cells 
in the dark. 
 
Due to mismatch condition, a new operating point of the module with laser is obtained. 
It is where the I-V of the combined 3 cells in the dark (dash dot) intersects with the 
mirror I-V of the single cell (dash). The intersection position is largely depending on the 
reverse characteristic of the I-V curve of the combined 3 cells in the dark which in turn 
depend on the shunt resistance of these 3 cells. This suggests that d-LBIC signal is 
strongly influenced by properties of neighbouring cells, not those of the investigated 
cell. 
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Figure 4.3: Simulation example of cell I-V curves of cells under d-LBIC measurement, 
showing new operating point under mismatch cells. The plots are the I-V curves of a 
mini-module with laser spot on 2nd cell from the left (dash dot dot), single cell with 
laser (solid) and its mirror (dash) and the other combined 3 cells in the dark (dash dot). 
 
4.2.2.2 i-LBIC  
Illuminated LBIC (i-LBIC) is an LBIC measurement where an external light bias is 
applied during the measurement.  The basis of i-LBIC is similar to d-LBIC, except that 
with background illumination the cell is operating at the applied illumination intensity 
i.e. with addition of photocurrent. Providing the background illumination is uniform, 
the i-LBIC can be used for the investigation of cells closer to realistic operating 
conditions. This is particularly relevant for thin film technologies where voltage 
dependent photocurrent can cause a difference between dark and illuminated I-V 
characteristics. 
 
The simulation example of the D3DM using the typical one diode model (Equation 
(2.5)) and Merten model (Equation (2.7)) is shown in Figure 4.4. d-LBIC and i-LBIC 
simulations are compared using each of the models. It has been shown that with the 
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Merten model, there is a difference in signal strength between d-LBIC and i-LBIC 
while with the typical diode model the signal stays the same. This is due to the effect of 
voltage dependent photocurrent that changes the slope around Isc, which in turn changes 
the current response of the limiting cells significantly. 
 
   
Figure 4.4: The simulation of d-LBIC and i-LBIC from the D3DM using typical one 
diode model (left) and Merten model (right). 
 
The light bias is realised as described in Section 4.3.3. However, measuring with light 
bias can cause more complications in the interpretation of the measurement signal if the 
illumination is not uniform. This occurs in reality as it is very difficult to achieve a high 
level of uniformity over the required areas for full module characterisation. The effect 
of i-LBIC with non-uniform illumination is shown by simulation in Figure 4.5. 
 
The same reasons as described for d-LBIC cause complications, where higher 
illuminated cells are forward biased while lower illuminated cells are pushed into 
reverse bias, causing a mismatch condition between cells. Figure 4.5 shows the i-LBIC 
simulation example of a mini-module with 4 cells connected in series where cell 2 is 
shunted. Two conditions simulated are the effects of uniform and non-uniform 
illumination. Uniform illumination is set to 1000 W/m2, while for non-uniform 
illumination two cases corresponding to different light intensity patterns are shown in 
inset diagrams in the figure. 
 
For non-uniform illumination 1, it is shown that cell 1, although having normal shunt 
resistance, shows the highest signal under non-uniform illumination. This is because 
cell 1 becomes the limiting cell. (see Section 4.2.2.3 for more details of limiting 
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measurement). This is also true for non-uniform illumination 2, where cell 4 is the 
limiting cell (lowest intensity) and gives the highest i-LBIC signal. 
 
 
 
 
Figure 4.5: The simulation of LBIC signal of a mini-module with 4 cells connected in 
series where cell 2 is shunted. The plot is the comparison between i-LBIC scans of 
uniform and non-uniform illumination. 
 
Since a solar cell is a photo-sensitive device, only a slight shift of light intensity can 
cause a different area of the cell, or different cells in a module, to operate at different 
operating points and thus affect the LBIC signal. Non-uniformity in illumination is 
sometimes so large that it masks the real material variation. 
 
4.2.2.3 li-LBIC 
The LBIC signal from series connected cells or modules obtained by d-LBIC and i-
LBIC methods, as mentioned earlier, does not really represent the properties of the 
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investigated cell. The signal strength is in fact due to variations in the relationship 
between the average cell current generation. The signal from d-LBIC measurements is 
largely affected by the shunt resistance of the neighbouring cells rather than the signal 
strength of the cell under test. While adding light bias (i-LBIC), the measured signal is 
affected by the non-uniformity of the background illumination. 
 
Generally speaking, the key for both methods is that the relationship of current 
generated in the laser illuminated cell to the other cells determines the signal strength 
and only relative measurements within a cell can be taken. It is difficult to know 
whether the measured signal is dependent only on the cell under investigation or is also 
influenced by its neighbouring cells. Therefore, in order to be able to differentiate 
between each effect and single out the real properties of the investigated cell, a new 
LBIC measurement technique has been developed during this work. It is called the 
limiting i-LBIC (li-LBIC) measurement. 
 
Figure 4.6: Simulation example of li-LBIC measurement of a mini-module where laser 
spot and shade is on 2nd cell from the left. The plots are the I-V curve of the module 
(dash dot dot), single cell with laser (dash dot), the other 3 non-shaded cells under 
illumination (solid) and its mirror (dash). 
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The li-LBIC measurement is performed similarly to an i-LBIC measurement i.e. with 
background illumination, except that it is ensured that the cell under measurement is the 
limiting one. This is ensured by the cell under test being partly shaded. It is this cell that 
limits the current of the entire string.  Thus any light shone onto this cell with the probe 
laser will generate a linear response and the absolute signal can be measured. The li-
LBIC effect is shown in Figure 4.6. 
 
During the scan, each cell is therefore individually measured under limiting conditions. 
The cell shading is achieved by a movable shading device (as described in Section 
4.3.4) which was built and assembled into the LBIC system during this work. This 
means that the LBIC signal obtained from li-LBIC measurement is almost completely 
dependent on the properties of the investigated cell, in particular the shunt resistance, 
and gives an opportunity to measure absolute signals from the investigated cell in a 
fully illuminated module. 
 
As a consequence of being able to measure the absolute signal, the li-LBIC signal 
strength is also significantly higher than that obtained from normal LBIC 
measurements. It is similar to a measurement of only a single cell, which agrees with 
the statement that this is the true signal generated by the device. 
 
4.3 The CREST LBIC System  
4.3.1 The CREST LBIC System 
The original CREST LBIC system was first designed and built by Thoralf Michel in 
2004 [138]. It was developed with the intention of measuring large area, multi-cell thin 
film PV devices. The CREST LBIC system structure is made up of an aluminium frame 
to provide a stable platform and externally covered by PVC sheets as shown in Figure 
4.7. The external dimensions are 1.5 m x 1.5 m. At the bottom of the LBIC chamber, a 
1.2 m x 1.2 m optical breadboard was installed functioning as a working plane and 
allowing a PV module up to the same size to be investigated. The main system 
hardware and schematic diagram was as described in sub Section 4.2.1.1 and as shown 
in Figure 4.1 respectively. 
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Figure 4.7: CREST LBIC system aluminium frame with PVC sheets. 
 
During the course of this work the LBIC system had to be moved and re-commissioned. 
This was used as an opportunity to re-develop the unit from scratch and optimise 
measurement quality. This was done based on an analysis of repeatability and 
uncertainty. These included: 
 
- Adding two additional lasers with different wavelengths; 
- Carrying out the characterisation of the laser and optical apparatus; 
- Adding an environmental measurement system; 
- Adding cooling and improving the safety interlock system; 
- Adding a slider for making li-LBIC measurements. 
- Helping develop new control software in LabView (originally the system was 
controlled through code written in Delphi). 
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4.3.2 Laser and Optics 
4.3.2.1 Laser 
The key parameters that determine the application is the power of the lasers. In the case 
of the LBIC, where the device under test is a solar cell or module, it is not intended to 
influence the material through excessive heating. Thus lasers with low power, i.e. in the 
range of a few mW, were chosen. The wavelength of the lasers is also important, since 
solar cells made from different materials and structures, respond differently to the 
spectrum. The choice of laser wavelength thus determines how far light can penetrate 
into the solar cell material before it is absorbed (penetration depth). This depends on the 
absorption coefficient of each material in a device. 
 
For a-Si materials, as an example, a laser beam with 410nm wavelength, which has high 
photon energy (~3.09 eV), will be absorbed within a few tens of nanometres into 
material while 633nm wavelength (~1.95 eV) will reach up to 500-600 nm into material 
before it is totally absorbed. Thus one can test the p layer with the 410nm laser, while 
the bulk will be tested with the 633nm laser. Generally speaking, longer wavelengths 
(lower photon energies) are absorbed deeper into the material than shorter wavelengths. 
This allows the investigation of different layers.  
 
The choice of laser wavelengths used in the CREST LBIC system was made based on 
thin film silicon solar cells i.e. single, tandem and triple junction devices. However, 
they can be used for other cell technologies. They are 410 nm, 633 nm and 785 nm laser 
wavelengths. The corresponding types and output powers are shown in Table 4.3. 
 
Type Wavelength (nm) Output Power (mW) 
Diode 410 (Blue) 5.21 
He-Ne 633 (Red) 5.00 
Diode 785 (NIR) 5.07 
 
Table 4.3: Summary of laser types used in the CREST LBIC system. 
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The red laser with a wavelength of 633nm is a He-Ne laser supplied by Melles Griot 
(model 25-LHR-151-230). The laser has an output power of 5 mW. Power is supplied 
via an AC to DC power supply (model 05LPL902-065) that comes with key switch and 
remote interlock feature. The 410nm and 785nm wavelength lasers are blue and near 
infrared (NIR) lasers and come with 5.21 mW and 5.07 mW output power respectively. 
They are laser diodes that are installed in a metal housing (module), assembled by 
Power Technology, Inc. Each module contains laser diode drive circuits, adjustment 
optics and a cooling system. 
 
 
 
Figure 4.8: Three lasers are installed on a computer controlled linear slider for optical 
axis alignment a) top view, b) side view. 
 
The three laser tubes are installed on a linear slider as shown in Figure 4.8. At the 
beginning of the measurement, the required laser is aligned with the optical axis, by 
moving the computer controlled linear slider. The laser beam is chopped at a specific 
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frequency by an optical chopper before entering the focusing tube and scanner. The 
main characteristics of the laser beams that affect the measurements, such as beam 
stability and diameter, were measured and are described later in Section 4.4. In this 
thesis, the laser used in the experiments was the 633 nm laser unless otherwise stated. 
 
4.3.2.2 Scanning system 
The optical scanning instrument is one of the key components in the LBIC system. It is 
necessary to guide and focus the laser beam to a desired position i.e. the measurement 
plane or PV device, with high speed and accuracy. The deflecting laser beam method is 
chosen because it is faster to guide the beam over a large sample rather than fix the 
beam and move the sample with an x-y table. Additionally, at this time such high 
performance x-y table of the required size is prohibitively expensive. 
 
The LBIC laser scan system consists of two main optical instruments; a SCANgine14 
and a varioSCAN20. They both are supplied by SCANLAB. The SCANgine14, or scan 
head, functions as an x-y scanner to deflect the laser beam in the x and y directions on 
the measurement plane. The deflecting part is achieved by two mirrors. Each is 
controlled by galvanometer scanners. They are designed to be used with lasers with 
wavelengths between 450 – 2500 nm. 
 
The varioSCAN20 is a dynamic focusing system which can focus the beam at the 
required locations. It is installed between the laser tube and scan head as shown in 
Figure 4.9. It has an aperture of 3 mm and is designed to be used with 633 nm 
wavelength lasers. Although the varioSCAN20 was designed to be used specifically 
with 633nm lasers (due to the lens coating), the measurements presented later show that 
lasers of different wavelength (and approximately the same power) can be used, but the 
transmission and reflection may not be optimised as well as for 633nm. 
 
Two main components inside the varioSCAN20 are a dispersion optic and an objective 
lens. The working principle is that the dispersion optic expands the incoming beam 
while the objective focuses the beam. By moving the dispersion optic along the optical 
axis, the required focal length is achieved. The scanning system is controlled by an 
RTC3 board, also made by Scanlab. This board is an interface between software, scan 
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head and dynamic focusing system. It receives commands from the user, processes, and 
then synchronises the hardware movement. The varioSCAN20 comes with an amplifier 
board (SSV30). This transforms the digital signal from the RTC3 into an analogue 
signal for controlling the position of the motor and thus the dispersion lens. The RTC3 
board also processes and calculates the shift of focal length from the reference position 
(0,0,0) by using a lookup table (stored in a correction file) and outputs this correction to 
the varioSCAN. The correction file was specifically generated for the CREST LBIC 
system, based on its scan geometry, by SCANLAB. 
 
 
Figure 4.9: The LBIC optical scanning system consists of lasers, chopper, motorised 
lens and scanner, aligned on the same optical axis. 
 
The system was designed to be used with varioSCAN20 and SCANgine14. Together 
they form a 3-axis system. Three axes are x, y and z. y-axis points in the opposite 
direction of entry of the beam into the SCANgine14 while z-axis points in the opposite 
direction of exit of the beam from the SCANgine14.  
 
The image field of the scan head was fixed at 1500 mm x 1500 mm. This is transferred 
into a 16-bit number coordinate i.e. between -32768 and +32767. This means the 
correlation between real scale and bit number, or step width between each point, is 1500 
mm / 65535 = 0.02288 mm (22.88 µm) or approximately 40 bits/mm, as specified by 
manufacturer. However the system was calibrated at 52428 points [138] in each axis, 
and the typical image field is shown in Figure 4.10. 
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Figure 4.10: Theoretical (solid) and usable (dash) image field boundary of the scanner 
system in the working plane. 
 
By moving the laser beam, there is a drawback in that the angle of incidence does not 
remain perpendicular to the measurement surface when scanning, leading to a position 
dependent reflection loss. However, the system was designed to operate at maximum 
angle of 20° from normal and in a typical measurement not more than 10°, thus keeping 
the reflection loss to a minimum. The optical system was carefully aligned and the 
optics were kept clean to ensure the optimum scanning performance. No dust or 
blocking objects are in the path of the beam that could introduce an artefact into the 
measurement. 
 
4.3.3 Background illumination 
Light bias, or background illumination, is important for the LBIC measurement. It 
allows the LBIC scan to be performed on the sample at different operating conditions. 
In the CREST LBIC system, the light bias is provided by an array of halogen lamps. It 
consists of 108 Osram 50W, 12V bulbs. These bulbs have a colour temperature of 
3100K and average lifetime of 4000 hours. Because they are low voltage bulbs, they 
need a transformer to convert the mains voltage into 12V ac voltage. One transformer 
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can supply 3 halogen light bulbs. The array connection diagram and the position of the 
lamps are shown in Figure 4.11. 
 
With the provision that the square area in the centre had to allow the laser beam a clear 
path from the scanner to the measurement plane, the lamp mounting position was 
designed in the best possible way such that the beams superimpose each other (10° 
beam angle) and give a good uniformity. 
 
 
 
Figure 4.11: Connection diagram of the halogen lamp array, 3 bulbs per transformer 
(top) and array of electronic transformers with corresponding circuit numbers (bottom). 
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Since solar cells are very sensitive to light, the uniformity is very important and 
strongly influences the LBIC signal. Uniformity measurements were performed by 
using a handheld Skye pyranometer, measuring in the working plane. An area of 1.2 m 
x 1.2 m was divided into 256 sections for the measurements. The light intensity in each 
block was measured and a uniformity map generated as shown in Figure 4.12. 
 
 
Figure 4.12: Light intensity uniformity map of background illumination system 
measured on the measurement plane. 
 
The vertical and horizontal yellow lines are projected to the top and right of the main 
graph respectively. These measurements show the light intensity profile near to the 
centre of the measurement plane. Due to the large area it is rather difficult to maintain 
high uniformity. As a result, the overall uniformity is very poor. However if areas in the 
centre of the measurement plane are considered, the uniformity is within ±2% and ±5% 
from its average (274 W/m2 and 274.8 W/m2) for the inner and outer squares 
respectively. These squares correspond to areas of 15 cm x 15 cm and 30 cm x 30 cm. 
 
When operating the background illumination system without ventilation the LBIC 
enclosure becomes hot very quickly. A cooling system was therefore installed to 
maintain the temperature inside the LBIC. This cooling system consists of three arrays 
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of 6 fans each. The fans are 120mm diameter axial flow fans. They are placed on top of 
the LBIC that also function as a top cover to prevent dust and external light entering the 
system. A mounting diagram for the fans and a photo of their installation are shown in 
Figure 4.13. 
 
 
Figure 4.13: Array of fans for cooling the LBIC when the background illumination is in 
use. 
 
4.3.4 Shading device and strategy 
4.3.4.1 Shading device 
 
For limiting i-LBIC measurements, the laser illuminated cell requires shading in order 
to become the limiting cell in the module. Cell shading can be performed manually but 
it is rather slow, therefore a computer controlled linear slider unit is employed. This 
higher degree of automation allows faster and more accurate limiting i-LBIC 
measurements to be performed. 
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A linear slider unit was installed on one side of the breadboard in the LBIC system as 
shown in Figure 4.14. It was designed to carry a shading object to introduce shade from 
the background illumination onto a cell during an li-LBIC scan. The unit is 
manufactured from aluminium profiles, fitted with a carriage plate that can be moved 
back and forth. The carriage plate is guided by two guiding shafts that are fixed along 
the length of the aluminium profile and is mounted on a timing belt driven by a stepping 
motor unit from Nanotec. The maximum moving distance is 124 cm, with max speed of 
5 m/s and repeating accuracy of ±0.15 mm. 
 
To set up the shading system, a shading object such as a metal bar, carefully chosen to 
provide shading area with the width of one cell, is first mounted on the carriage plate. 
The degree of shading i.e. percentage of total cell area is achieved by either varying the 
length of the metal bar or moving the test device. To operate the slider, it only requires 
the starting point and step width as input for the control software. Since the system will 
shade cell-by-cell during the li-LBIC measurement, the step width is normally a cell 
width, which in typical a-Si modules is approximately 1 cm. 
 
 
Figure 4.14: The linear slider unit installed in the LBIC system, providing shade onto a 
single cell during the li-LBIC measurement. 
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4.3.4.2 Shading strategy 
 
The cell under investigation in the module is blocked from background illumination by 
a shading device during an li-LBIC measurement in order to bring this cell into limiting 
condition. In other words, it is ensured that this cell generates the least current in the 
module. The amount of shading required is not entirely arbitrary. It can be estimated 
from the non-limiting LBIC measurement i.e. d-LBIC line scan across the module, by 
considering the cell-to-cell variation of signal. 
 
For example, if the signal of cells in the module from d-LBIC scan is relatively equal, a 
small shaded area is sufficient to bring the cell into limiting condition. The amount of 
shading is then chosen to be larger than the sum of maximum deviation and 
inhomogeneity of the light. Experience showed that in this system an initial shading of 
30% of the cell area was chosen. However, if the signal from each cell in the module is 
very different, a larger amount of shading may be required to bring the investigated cell 
into limiting condition. In extreme cases where there is a cell with hardly any or no 
signal i.e. a very poor cell, the li-LBIC measurement may not be possible to perform on 
any other cell in this module as that cell is already a limiting cell. 
 
The above mentioned is for the system where the background illumination is relatively 
uniform over the module area i.e. within 5%. If the uniformity of background 
illumination is poor, this should also be taken into account when estimating the shading 
area. 
 
The position of shading is normally on one side of the cell. This allows an li-LBIC area 
or line scan on the other side (unshaded area) of the cell. In case, the area scan of the 
entire cell is required, shading can be moved to the other side of the cell (previously 
unshaded). 
 
For large modules, where a significant number of cells are connected in series, care 
should be taken when performing an li-LBIC measurement to prevent any damage (i.e. 
hot spot effect) to the cell or module from possible high reverse voltage when shaded. 
The model could be used to simulate how the amount of shading influences the reverse 
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characteristic of large module (see e.g. [139-141]). Applying a voltage bias during the 
li-LBIC measurement may also be a solution, but this was not necessary in this work. 
 
Summary of li-LBIC measurement procedure 
1. Estimated the amount of shading 
2. Select cell to be measured 
3. Position a shading device over the investigated cell 
4. Check signal strength to ensure that the module really is shaded 
5. Modify shading if required 
6. Perform an li-LBIC measurement on unshaded side of the cell 
7. Swap the shading device to the other side of the cell (previously unshaded) or 
turn the PV device the opposite side, if full cell area is to be measured. 
8. Move to next cell 
 
4.3.5 Measurement hardware, control software and measurement 
setup 
4.3.5.1 Measurement hardware 
4.3.5.1.1 Lock-in amplifier and optical chopper 
The lock-in amplifier currently used in the LBIC system is from Stanford Research 
Systems (SRS), model SR830. It communicates with a computer via a General Purpose 
Interface Bus (GPIB) interface. This is a gateway to transfer data between the computer 
and lock-in amplifier both for control and data acquisition. 
 
The lock-in amplifier extracts the measurement signal from a relatively noisy 
environment by phase-locked-loop amplification at a reference frequency. The 
reference frequency is controlled and generated by a chopper shown as a square wave in 
Figure 4.15 (top line). The laser beam is modulated by an optical chopper at a 
controlled reference frequency before passing onto a solar cell. The output current from 
the cell due to the laser beam is thus oscillating with the reference frequency. 
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400 Hz
 
 
Figure 4.15: Screenshot of two waveforms measured by an oscilloscope at two 
frequencies (100 Hz and 400 Hz). Top line is a reference signal generated from optical 
chopper. Bottom line is output current signal from a photodiode. 
 
The current signals obtained from a silicon photodiode at two different frequencies (100 
Hz and 400 Hz) are shown in Figure 4.15 (bottom line). It indicates that the output 
current signal carries the reference frequency, however, the proportion between a rising 
and a falling part changes with the reference frequency. The change could be due to a 
capacitance effect from fast switching and also an amplified circuit that is connected to 
the photodiode. 
 
4.3.5.1.2 Preamplifier 
A preamplifier, or preamp, is a device that is placed before a main amplifier to help 
prepare the signal, which is sometimes too low for further amplification or processing. 
The preamp used in the system is a transformer based preamplifier, model SR554, also 
from SRS. It was designed to be used with SRS lock-in amplifiers. The advantage of a 
transformer based system is that it amplifies the AC component (i.e. the signal) and 
removes the DC part (i.e. the bias and the noise). 
 
The SR554 has two selectable gain modes, x100 and x500. The preamp amplifies the 
signal of interest and reduces white noise before the signal enters the lock-in amplifier. 
Figure 4.16 shows a measurement of the LBIC signal with a spectral analyser before 
(left) and after (right) preamp. The reference frequency was set to 500 Hz and the 
preamp gain to x100. The x-axis is frequency from 0-1 kHz (500 Hz in the centre) 
while the y-axis is voltage with the full scale of 16 µV and 1.6 mV. The magnitude 
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reading at frequency 500 Hz is 12.9 µV and 1.33 mV for measurement before and after 
the preamp respectively. It is clear here that the gain of signal is very close to 100. 
 
   
 
Figure 4.16: Screenshot from spectrum analyser compares signal from a circuit without 
(left) and with (right) pre-amplifier showing that with preamp, signal in this case at 
500Hz is amplified nearly 100 times as configured by preamp. 
 
It is also suggesting that while the signal of interest (at 500Hz) is amplified nearly 100 
times, noise is does not. According to the figure, noise i.e. at 50Hz was amplified from 
7.2 µV to 70 uV which is only about 10 times. This noise amplification is based on the 
input noise calculation of the preamp i.e. 120 pV/√Hz at 10 Hz. After preamp the signal 
is much clearer while noise becomes smaller. 
 
4.3.5.2 Control software 
The LBIC software for measurement control and data acquisition was originally written 
in Delphi [138]. It was later changed to LabView with more controllable options written 
by Martin Bliss. It is referred to here as the LBIC system measurement software and 
was used for all measurements reported in this thesis. It has four main pages which are: 
General Control & Set-up, Lock-in-Amp. & further set-up, Measurement Data Array 
and Final 3D graph. The first two pages are shown as screenshots in Figure 4.17. 
 
The General Control & Set-up page allows the user to select an area on the device to 
measure. The measurement is either a line scan or an area scan defined by position in 
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data points (bits). A line scan or boundary-of-area scan can be drawn by the laser 
scanner and the user can see this via a webcam, as shown in Figure 4.18. 
 
 
 
 
 
Figure 4.17: Screenshots of LBIC measurement software; main page (top), lock-in and 
preamp configuration page (bottom). 
 
Other main settings on this page include i) number of measurement points in each 
direction, which determines step width, ii) number of measurements at each point for 
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averaging in order to obtain a good signal to noise ratio, iii) lock-in time constant 
multiplier and iv) measurement data file saving. 
 
 
 
Figure 4.18: A boundary-of-area scan viewed from the webcam before the measurement 
The LIA & further set-up page allows the user to configure the lock-in and preamp 
measurement parameters. 
 
On this page, the main lock-in settings are sensitivity and time constant. The sensitivity 
of the lock-in amplifier is the amplitude of input signal at the reference frequency 
component in rms value that results in a full scale output. The full scale output is 10 V 
for SRS830 lock-in amplifiers. It is this sensitivity value that determines the overall 
gain (input to output) of the lock-in amplifier (full scale/sensitivity). The full scale 
sensitivity can range from 2 nV to 1 V (rms). 
 
The lock-in amplifier contains a low pass filter which removes some AC signal (noise) 
other than that at reference frequency. The filter bandwidth is determined by the time 
constant. Reducing the bandwidth improves the noise rejection. By increasing the time 
constant, the output becomes steadier and can be measured more reliably. However, this 
will also increase the measurement time. The lock-in allows the time constant to be set 
from 10µs to 30s. From experience, the time constant was chosen at a point where the 
signal shown on the lock-in screen does not rapidly change. 
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4.3.6 Other LBIC components 
4.3.6.1 Environmental measurements 
Environmental parameters such as temperature can be monitored and recorded during 
the LBIC measurement. Four temperature sensors (pt100) are available. They are 
connected in four-wire configuration. The measurement is performed via data 
acquisition card. Temperatures are monitored and measured at different places both 
inside and outside the LBIC system. The areas that are usually measured are the laser 
tube, the cell or module and the room temperature. 
 
By measuring concurrently as the LBIC is scanning, this temperature data can provide 
measurement history and sometimes useful information in case there is a significant 
change in temperature, although this is a very rare event since the room where the LBIC 
is located is temperature controlled and the temperature is relatively stable (see Figure 
4.20). Other sensors such as photodiodes and reference cells can be directly connected 
to the data acquisition system. Functioning as light sensors, they can be used for online 
or offline testing and characterising laser beam and background illumination. 
 
4.3.6.2 Laser safety / Interlock 
Laser related applications are recognised as being potentially dangerous, since they can 
cause severe damage to the eyes and skin either from a direct hit or reflection. In order 
to protect the user from being exposed to laser radiation while operating the LBIC 
system, safety measures were implemented. These include the system housing, safety 
interlocks and the use of a web camera for alignment. To ensure the highest safety for 
the operator, the LBIC system is completely covered externally by PVC sheets as 
shown in Figure 4.7. By encasing the system, the laser beam is completely contained 
inside the LBIC. It is also excludes other light from outside the system when 
measurement in the dark is required. 
 
While measuring, the operator needs to go inside the LBIC system from time-to-time to 
make an electrical connection or adjust the position of the solar cell or module. To 
prevent the operator from accidental exposure to the laser inside the LBIC, interlocks 
are installed at possible openings. Two of them are located on the main doors while the 
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other is on the top cover as shown in Figure 4.19. These interlocks are connected to the 
laser power supply circuit. When the doors or top cover are opened, the interlock will 
disconnect the power supply from the laser and the laser will be switched off. The 
power supply circuit for the laser is also controlled by a key switch. In order to operate 
the laser, the doors and top cover need to be closed and the key switch must be in the on 
position. 
 
 
Figure 4.19: Interlocks at the LBIC doors (left) and at the top cover (right). 
 
The operator does not have visual access to inside the LBIC system while the laser is 
on. Therefore, the system is equipped with a web camera. This is very useful in that it 
allows the operator to see not only the boundary of the scan area or line (see e.g. Figure 
4.18) on the computer monitor but also the measurement to be monitored throughout. 
 
4.3.6.3 Uninterruptable power supply 
Since the LBIC system uses a laser to scan the solar cell, the laser beam stability and 
beam positioning accuracy are important to the measurement. Lasers and optical 
instruments are sometimes sensitive to power quality supplied by the utilities (mains). 
Power failure, under- and over-voltage for example, can significantly affect their 
operation and performance or even cause them to be damaged. In order to ensure that 
high quality power is supplied to those pieces of equipment, an uninterruptable power 
supply (UPS) was used. 
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The device installed is a Dialog Plus series, model DLP 100S (1kVA) from Riello. This 
is an on-line (double conversion) type UPS where the AC power from the mains is 
converted to DC by a converter (rectifier) and converted back to AC by a inverter 
before powering the load. All lasers, optical instruments, measurement devices and 
computers are supplied by the UPS. This ensures that not only that this equipment is 
well protected but also that the load is continuously supplied by stabilised (both voltage 
and frequency) and clean power. Even a long measurement such as an area scan for a 
few hours can be run smoothly. 
 
4.4 LBIC system characterisation  
In order to provide an accurate characterisation of the PV modules, a system 
characterisation was carried out, particularly of the laser and optical instruments, to 
ensure that the system provides reliable and repeatable measurements. In this section 
the details of this characterisation are discussed, including laser beam intensity and 
diameter and step movement. 
 
4.4.1 Laser beam intensity 
In general, current generated by PV devices is directly proportional to the incident light. 
Similarly, in the LBIC system, the output signal generated by a single cell PV device is 
directly proportional to the incident laser beam intensity. Any variation in the intensity 
would cause an uncertainty in the measurement. The beam intensity of the lasers was 
measured over time to demonstrate their stability, ascertaining that PV measurement 
observations are real material effects and not artefacts of the laser itself. For each laser, 
two measurement periods are shown: i) one and a half hours after turning on the laser to 
investigate laser warm up time and ii) 24 hour period for its beam intensity stability. 
 
For the 633 nm and 785 nm lasers, a photodiode was used as a sensor to detect the laser 
intensity in the working plane. The diode was connected to a data acquisition card and 
current generated from the diode was measured every second. This current is directly 
proportional to the laser intensity. For the 410 nm laser, the beam diameter is large and 
it was difficult to position the beam at the centre of the photodiode which has an active 
area not much larger than the beam diameter. Thus a c-Si solar cell is used as a sensor. 
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Firstly, for the warm up time, the laser beam intensity was monitored for two hours; 
thirty minutes before and ninety minutes after turning on the laser. The ambient and 
laser tube temperature were recorded to use as a reference for checking that the laser 
intensity does not change due to the changing temperature. As shown in Figure 4.20, 
the lasers were turned on in the 30th minute. The measurements suggest that for the He-
Ne (633nm) laser, the beam intensity gradually increases and takes approximately 30 
minutes to reach its stable condition. Unlike the He-Ne laser, the 410 nm and 785 nm 
laser are laser diodes and the beam intensity shows a slight oscillation at the beginning 
and becomes steady after that. 
 
Moreover, while the ambient temperature was relatively constant, the temperature of 
the 633 nm laser tube increased steadily up to about 40 °C, but for the 410 nm and 785 
nm lasers less than two and one degree increase of laser tube temperature respectively 
was observed after the laser was turned on. 
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Figure 4.20: Graphs show normalised laser beam intensity with time for 410 nm (top), 
633 nm (middle) and 795nm (bottom) lasers. The lasers were turned on in the 30th 
minute and measured for 90 minutes after that. On the bottom half of the graphs, 
ambient and laser tube temperature is also shown. 
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After the laser beam intensity reached its stabilised state, the laser intensity was 
monitored every second for 24 hours. For each laser, the measurements are displayed as 
a histogram shown in Figure 4.21 where measured data (current signal) are normalised 
to their average value and binned into 0.005 (0.5%) intervals. 
 
 
 
Figure 4.21: Histograms showing the laser beam intensity of the 410 nm, 633nm and 
785 nm lasers measured every second during a 24 hour period and normalised to their 
averages. 
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As shown from the histograms, the 633 nm and 785 nm laser intensities seem to have a 
normal distribution. The standard deviations of the 633 nm and 785 nm lasers are 1% 
and 1.82% respectively. This suggests that 99% (three standard deviations) of measured 
values are within ±3% and ±5.5% of the average values. Greater variation of the 785 
nm beam intensity could be partly due to the small size of the laser tube, which can be 
easily influenced by changing ambient temperature. Ambient temperature during the 
measurement of 633 nm and 785 nm lasers was also relatively constant throughout 24 
hours of measurement with the different between max and min not more than 1°C.  
 
It should also be noted that greater variations of the ambient (room) temperature can 
occur, if the air conditioning system is switched off, as happens all too frequently due to 
changes in the building management system. This is the case for the 410 nm laser 
measurement where the air conditioning system did not operate 24 hours. The 
distribution of the 410 nm laser however is not normal, it signal variation is within ±5% 
from average. 
 
These measurement results quantify the warm up time required by each laser, allowing 
the operator to prepare the system before the measurement. Moreover, the laser stability 
is demonstrated to be good, ascertaining that the LBIC system will provide a repeatable 
measurement. 
 
4.4.2 Beam diameter 
The laser beam diameter, or spot size, partly determines the possible resolution of the 
scanning. Before the laser beam terminates at the tested module, it passes through a 
focusing tube to adjust the focus and then undergoes reflection by deflecting mirrors to 
the required x-y coordinate on the measurement plane. 
 
The laser beam diameter was measured at the plane where the PV module is placed by 
running a single line scan over the sharp edge of a photodiode with known length. 
Several measurement batches with different resolutions were performed. The beam 
diameter was obtained from the distance over which the current signal changes between 
10% and 90% of its maximum at the edge of photodiode active area as shown for 
example in Figure 4.22. 
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Figure 4.22: A normalised current signal of a line scan from the 633 nm laser across a 
photodiode where the active length is 5.8 mm (top) and magnified on the falling edge 
showing the 10% and 90% points of its maximum which were used to determine the 
beam diameter (bottom). 
 
According to the measurements, the average beam diameters in the measurement plane 
of the 633 nm and 785 nm lasers are 0.41 mm and 0.49 mm, respectively with 
measurement uncertainty in the range of ± 5%. Although the 785 nm laser was not 
designed to be used with the focusing tube, the measurements show that its beam size is 
relatively small compared to that without the focusing system (not shown). The beam 
diameter of the 410 nm laser however is not shown here as it is relatively large 
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compared to the other two and a suitable sensor was not available to perform a 
measurement. 
 
In addition, from the above measurements it is also possible to calculate the calibration 
factor. The calibration factor represents the ratio of a unit (bits) used in the 
measurement control to the actual physical distance. Initially, the system was designed 
with a calibration factor of 25 μm/bit (or 40 bits/mm). That calculated from the 
experiment is approximately 23±1 μm/bit (or 43.47 bit/mm) which is in good agreement 
with the initial settings. The difference can be attributed to the movement of the 
reflecting mirrors and the effect of temperature. The experimentally determined value 
was used in subsequent operation. 
 
When measuring large area PV devices, there is a concern over beam size at extreme 
angle. The following calculations, however, show that the angles achievable in this 
system have little effect on the beam size. The LBIC system is equipped with a focusing 
tube (e.g. see Section 4.3.2.2). With the focusing tube, the laser beam focal point is 
adjusted according to its position and is always be at the measurement plane. Without 
the focusing tube, the focal point of the beam will followed the curve dashed line as 
shown in Figure 4.23. 
 
When the laser beam is perpendicular to the measurement plane, the beam shape is 
circular. However, when the beam is guided away from the centre, the angle between 
the beam and the measurement plane decreases and the beam shape at the measurement 
plane is no longer circular. It will gradually change to ellipse. The degree to which the 
beam shape changes from circular to elliptical depends on the position of the beam 
away from the centre point or the angle between the laser beam and measurement plane. 
At the centre, the beam diameter of 633 nm laser for example is 0.41 mm. This 
corresponds to the beam area of 0.132 mm2.  
 
The diagram also shows three different angles between the laser beam and the 
measurement plane. The angles are 81°, 77° and 73°. This represents 3 module sizes 
which are 60 cm x 60 cm, 90 cm x 90 cm and 120 cm x 120 cm or 30 cm, 45 cm and 60 
cm from the centre, respectively. Based on geometrical calculations, the beam areas at 
these three locations are 0.133 mm2, 0.135 mm2 and 0.138 mm2, respectively. This 
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shows that even at the extreme angle i.e. 120 cm x 120 cm module, the beam area 
changes by not more than 5%. 
 
 
 
Figure 4.23 Diagram of different laser beam positions on the measurement plane 
(breadboard) and their corresponding angles. 
 
4.4.3 Repeatability 
In Section 4.4.1, the laser beam intensity was measured and shown to be relatively 
stable over time, while in Section 4.4.2, the beam diameters were calculated. In this 
section to demonstrate that these properties are applicable and transferable to the LBIC 
measurements, the repeatability of scanning results is shown for each laser (410, 633 
and 785 nm). 
 
Line scans across the devices were performed on two different solar cell technologies, a 
mono c-Si cell and a single junction a-Si module. The c-Si solar cell have a cell width 
(active area) of 120.5 mm with 3.5 mm spacing between grid fingers, while the a-Si 
module consists of 23 cells connected in series where each cell is 1.1 cm in width. The 
corresponding device diagrams and laser spot sizes (only 633 nm and 785 nm) are 
shown in Figure 4.24. 
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  3.5 mm
Grid finger
11 mm
Monolithic contact
633 nm, Ø 0.41 mm
785 nm, Ø 0.49 mm
 
 
Figure 4.24 Diagram of two solar cell devices of different structures; c-Si (left) with 
grid finger and a-Si (right) with monolithic contact. The spot sizes of two lasers; 633 
nm (top) and 785 nm (bottom) used for the LBIC measurements in Figure 4.25. 
 
For each laser, a line scan was performed at the same position across the device three 
times, with a laser step movement of approximately 0.46 mm (or 20 bits per step). No 
scan of the 785nm laser on the a-Si module is shown since the wavelength is believed to 
be at the edge of the spectral response of this device, thus no strong signal could be 
achieved. 
 
It is clear from Figure 4.25 that all of the scanning results achieve measurements of 
high repeatability. The scanning pattern and signal strength of all three measurements 
are virtually identical. From the calculations, it is fair to say that the signal variations 
are within ±2% of their mean values for all measurements. The exceptions occur only in 
a few points at the grid fingers of the c-Si cell or at the interconnection area (monolithic 
contact) of the a-Si module. However, by including these exceptions the variation is 
still not more than ±5%. 
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Figure 4.25: Graphs show line scans over a c-Si cell (left column) and an a-Si module 
(right column) for three laser wavelengths (410, 633 and 785nm). Three measurements 
are shown for each laser. The current signal shown on the y-axis is normalised to its 
maximum value.  
 
The higher variation in such areas could be due to the unsmooth nature of the grid 
finger or interconnection area. Only a very slight shift of the laser beam incident on 
these narrow width areas could produce a different reflection pattern and thus change 
the LBIC signal strength. Moreover, from the scan result of the 410 nm laser, the area 
between grid fingers on the c-Si cell and the interconnection areas in the a-Si module 
are less well defined compared to those from other two lasers. This is as expected, 
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because the laser beam diameter of the 410nm laser is relatively large compared to 
those of 633nm and 785nm lasers. 
 
According to Figure 4.25, at the same position on the devices in particular c-Si, the scan 
results from different laser wavelengths also show different signal strength. This is 
because the solar cell material reacts differently in term of absorption to each laser 
wavelength. 
 
How far light, in this case the laser, can penetrate into material before it is absorbed 
depends on the wavelength and absorption coefficient (α) of the solar cell material. The 
absorption coefficient is in fact a function of wavelength and its inverse (α-1) determines 
average travel distance of light (photons) before it is absorbed. In general, shorter 
wavelengths (high photon energy) are absorbed almost immediately at or near the 
material surface while longer wavelengths (lower photon energy) are absorbed deeper 
into the device. 
 
For c-Si solar cell, the absorption coefficient of light at wavelength 410 nm, 633 nm 
and 785 nm are approximately 7x104 cm-1, 3.5x103 cm-1 and 1.2x103 cm-1, respectively. 
[142]. This corresponds to the absorption length of 0.14 µm, 2.85 µm and 8.33 µm. 
While a typical thickness of c-Si solar cell is approximately 180-250 µm, the first 
micro-meter is an n-type or emitter layer, the rest is mainly a p-type bulk material or 
base. This suggests that 410 nm and 633 nm lasers allow characterisation of the surface 
or area near the junction while 785 nm laser which is absorbed deeper in the device 
provides information about the bulk region properties. 
 
Similarly, the absorption coefficient of a-Si solar cell of light at wavelength 410 nm and 
633 nm are approximately 4.5x105 cm-1 and  2x104 cm-1 [143] which corresponds to the 
absorption length of 0.02 µm and 0.5 µm, respectively. The typical i-layer thickness of 
a-Si solar cell is approximately 0.2 µm - 0.3 µm [45, 46] where it is sandwiched 
between p- and n-layers, which are a few tens of micro-meter each. This means that the 
410 nm laser is absorbed very near the surface. It could be used to provide spatial 
properties near p/i interface. 
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The 633 nm laser on the other hand is theoretically not absorbed within this thickness. 
However, modern cell comes with optically enhanced structure which increases the path 
length of light, so low energy photon such as this from 633 nm laser can be absorbed in 
the i-layer and can be assumed to be absorbed all over the i-layer. 
 
By carefully choosing wavelength of lasers based on the material absorption profile 
allows different materials or layers within the solar cell to be investigated offering the 
LBIC system opportunities for true cross sectional analysis of the solar cell. 
 
4.4.4 Step width and resolution 
The resolution setting is an optimisation of scanning time and detail of the scan. 
Acquisition time can range from a few seconds for a single line scan to several hours 
for a high resolution, large area scan. However, one should keep in mind that the 
CREST system has not been optimised for scanning speed. 
 
In general, a single line scan over a module is sufficient for cell to cell comparison, 
especially in the d-LBIC and i-LBIC where one essentially measures the neighbouring 
cells. However, the area scan is required for suspect modules in order to pinpoint the 
possible causes of low performance, e.g. as detected by line scan or I-V characteristics 
from solar simulator measurements. Several scan resolutions are used in the LBIC 
system. This is mainly determined by the movement of laser beam, referred to as the 
laser step. The shorter the laser step, the higher the resolution of the measurement. As 
mentioned in Section 4.4.2, 1 bit is the smallest step and is approximately 23 µm. 
 
The LBIC area scan results on a c-Si cell and a thin film a-Si mini-module with varying 
resolution are shown in Figure 4.26 and Figure 4.27 respectively. The spectral colours 
are used to represent the signal strength on the image where white and black are 
assigned to the maximum and the minimum value, respectively. The c-Si cell is a laser 
grooved buried grid type of cell and has an area of 3 cm x 3 cm. The spacing between 
grid fingers is approximately 1.2 mm. The bus bar width is 0.5 mm while the finger 
width is 30 µm. The figure shows 5 scan resolutions ranging from top left (A) step 
width of 50, 25, 20, 10 and 5 bits which correspond to 1.15, 0.575, 0.46, 0.23 and 0.115 
mm per laser step respectively. The bottom right (F) is a photo of the scanned cell. The 
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result suggest that laser steps of less than 0.23 mm (step width of 10) are required to 
clearly identify the alignment of the collection grid fingers for this particular device. 
 
 
 
Figure 4.26: Area scans of a 3 cm x 3 cm c-Si cell with different measurement 
resolutions. From the top left ranging from step width of A) 50, B) 25, C) 20, D) 10 and 
E) 5 bits corresponding to 1.15, 0.575, 0.46, 0.23 and 0.115 mm respectively for each 
laser step movement (1 bit = 0.023 mm). The colour represents the strength of measured 
signal where white and black are maximum and minimum value, respectively. The 
bottom right (F) is a photo of the scanned cell. 
 
Figure 4.27 shows the area scan of the single junction a-Si mini-module (5 cells 
connected in series) with 7 different step widths. The resolution ranges from top left 
from step width of A) 100, B) 75, C) 50, D) 25, E) 20, F) 10 and G) 5 bits. These 
correspond to each laser step movement of 2.3, 1.725, 1.15, 0.575, 0.46 and 0.115 mm 
respectively. The bottom centre (H) is a photo of the a-Si cell. The scan results show 
that for thin film technologies, where cells are monolithically series-connected, in order 
to be able to distinguish the separation between each cell (laser scribed area), fewer 
than 20 or 25 bits per step are necessary. 
 
At this level of resolution or higher, unexpected defects can become apparent on part of 
the cell as seen in the bottom left of Figure 4.27 E, F and G or on the laser scribed area 
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between cells. These measurements show results that one would expect from different 
resolutions (step width). Moreover, as guidance for later measurements, they also help 
determine the resolution required for area scans for each PV technology. 
 
 
  
 
Figure 4.27: LBIC area scans of a single junction a-Si mini-module with varying step 
width. A, B, C, D, E, F and G correspond to step widths of 100, 75, 50, 25, 20, 10 and 5 
bits or a laser step of 2.3, 1.725, 1.15, 0.575, 0.46 and 0.115 mm, respectively. The 
bottom centre (H) is a photo of the scanned a-Si cell. 
 
4.5 Conclusions 
LBIC systems have been described in detail in this Chapter. With non-destructive and 
relatively high resolution, such systems have proved to be an effective technique to 
reveal spatial inhomogeneity in PV devices. Different measurement conditions can be 
performed by the LBIC system, giving useful information for defect detection and cell-
to-cell comparison. Typical measurement conditions give a signal whose strength is a 
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combined effect influenced from photocurrent and shunting properties. A new 
measurement technique, li-LBIC, was developed allowing properties of investigated 
cells to be measured more accurately with signal strength significantly higher than that 
obtained from non-limiting measurements. 
 
This chapter also described a large area LBIC system that was developed at CREST. It 
has been upgraded during this work to enhance its functionality and has been 
characterised to ensure the reliability and repeatability of the measurements. In 
particular, the laser beams, which are one of the most significant parts in determining 
the LBIC signal, have been shown to be very stable. 
 
The measurement results from the LBIC system in different scenarios will be presented 
and discussed in Chapter 5. These will be compared with results from the D3DM as 
described in Chapter 3. 
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5 Effect of spatial non-uniformity of thin film solar cell 
properties on its performance and LBIC 
measurements 
 
In the previous chapters, a-Si solar cells (Chapter 2), the distributed 3D model (Chapter 
3) and the LBIC system (Chapter 4) have been described. In this chapter, these are 
combined for the analysis of spatial effects of thin film silicon solar cells and modules, 
both on their own as well as based on the LBIC measurements. 
 
The focus is on the application of the distributed 3D model (D3DM). The effect of 
spatial variations of diode parameters is investigated e.g. variations of series or shunt 
resistance. Examples of different device operation are given for non-uniformity 
conditions. This is done specifically for a-Si devices, i.e. the modified diode model as 
given by Merten (Equation (2.7)) is utilised. It includes a voltage dependent 
photocurrent which is shown to have a significant effect for the signal recovery of the 
LBIC. The model is also used for the simulation and investigation of the LBIC signal 
measured by different LBIC measurement techniques. Simulation examples of those 
techniques are performed, compared and analysed. The simulation results will be 
validated against measurements taken in these regimes. 
 
5.1 Spatial variation of diode parameters  
5.1.1 Distributed series resistance  
Thin film PV devices in general have no metal grid contact. Current flows laterally 
through top and bottom contact layers (Figure 3.2) which are typically made of TCO 
and aluminium or silver, respectively. TCO, compared to the metallic fingers used in c-
Si devices, has a relatively high resistivity. It is distributed throughout the layer and will 
directly affect the lumped series resistance of the device. Although this has been studied 
previously, it was performed with a distributed one diode model [82, 96]. In this 
section, the simulations of D3DM were performed by varying the value of TCO sheet 
resistance. The effect of the distributed nature of TCO lateral series resistance is taken 
 108 
into account via a network of discrete resistors, representing as Rs,Lat,TCO in the D3DM 
(as shown in Figure 3.5). 
 
The lateral resistance of the TCO was implemented as sheet resistance and was varied 
from 0.001 Ω/□ to 15 Ω/□. A value of 0.001 Ω/□ is used for normalisation. This value 
presents virtually no lateral resistance and is required to overcome a short-coming in the 
simulation code, where the lateral resistance cannot be zero. The results are obtained 
from two different device dimensions representing different cell widths. They are 
“rectangular” and “square” cells, which are 0.5 cm x 1.0 cm and 1.0 cm x 1.0 cm 
respectively. Parallel resistance and other series resistances are neglected. Other 
parameter settings are summarised in Table 3.2. The sub-cells dimensions are 0.1 cm x 
0.1 cm. The correlations between Voc, Isc, FF and efficiency and TCO sheet resistance 
are shown in Figure 5.1. 
 
                                                                 
 
 
Figure 5.1: Simulation results from the D3DM with varying TCO sheet resistance of 
two cell dimensions which are rectangular (0.5 cm x 1 cm) drawn in solid circles and 
empty square (1 cm x 1 cm) drawn in open squares. Clockwise, it shows the 
correlations of Isc, Voc, FF and efficiency with TCO sheet resistance. The efficiency 
shown is normalised to the efficiency of a rectangular cell at 0.001 Ω/□ TCO sheet 
resistance. 
 109 
According to Figure 5.1, Isc decreases linearly with increasing TCO sheet resistance. 
This is due to the increase of distributed series resistance in the path length before 
reaching the terminals. The figure also shows that Isc of the square cell is approximately 
double that from the rectangular cell as expected because the square cell is twice the 
area. The Voc of the square cell (wider cell) is marginally higher than that of the 
rectangular cell and appears to saturate at certain value of TCO sheet resistance. Voc 
also increases logarithmically with increasing TCO sheet resistance, but the increase is 
marginal, within 0.125 mV between 0.001 Ω/□ and 15 Ω/□ TCO sheet resistance. It 
appears that increasing sheet resistance causes a slight reduction in overall current 
which in turn causes a lower loss in the voltage at the connection points, letting Voc 
appear to be slightly higher. 
 
Efficiency is shown normalised to that of the rectangular cell at 0.001 Ω/□ TCO sheet 
resistance. It indicates that efficiency decreases with increasing TCO sheet resistance. 
The effect is more significant in wider cells (square cell). High value TCO sheet 
resistances (15 Ω/□) give a 2.87% and 13.15% efficiency reduction for the rectangular 
and the square cell respectively. A similar result is seen in the FF where it decreases 
with increasing TCO sheet resistance. The FF of the cell with TCO sheet resistance of 
15 Ω/□ decreases by 2.80% and 12.86% for rectangular and square cell respectively 
when compared to that of 0.001 Ω/□. 
 
The figure confirms that TCO sheet resistance significantly influences the PV cell 
performance. Wider cells suffer more from this with a greater rate of efficiency 
reduction with increasing TCO sheet resistance. The reduction of efficiency can also be 
seen in the I-V characteristic from the same simulation of the D3DM. I-V curves of 
selected values of TCO sheet resistance (0.001, 1, 6, 10 Ω/□) for devices with 
dimensions of 1.0 cm x 1.0 cm are shown in Figure 5.2. These values of TCO sheet 
resistance represent a zero, a very small, a medium and a high lateral resistance 
respectively. 
 
Changes in series resistance mostly affect the slope at Voc, as expected. Higher values of 
TCO sheet resistance introduce a greater slope. The FF of these cells decreases with 
increasing lateral resistance. The values are 0.74, 0.73, 0.70, 0.68 as taken from the I-V 
for TCO sheet resistance of 0.001, 1, 6, and 10 Ω/□ respectively. 
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Figure 5.2: The I-V curves simulated with the D3DM with Rs,Lat,TCO (TCO sheet 
resistance) of 0.001, 1, 6, and 10 Ω/□ from cells dimension of 1.0 cm x 1.0 cm. 
 
The I-V curve in Figure 5.2 is one form of indicator by which one normally sees how 
series resistance affects solar cell efficiency and performance. Since the D3DM consists 
of a number of unit sub-cells, it is possible to monitor each sub-cell behaviour under 
different cell conditions. Because their positions are known, this allows the 
investigation of local operation points. The effect of TCO sheet resistance can then be 
illustrated in terms of a voltage map. The same simulations as above are considered and 
the junction voltages (Vj) of each sub-cell (or voltage across each sub-cell) at terminal 
voltage equal to zero are plotted, as shown in Figure 5.3 and their corresponding line 
plots in Figure 5.4. 
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Figure 5.3: The distribution map of junction voltage (Vj) of 1 cm x 1 cm cell with 
different TCO sheet resistance values ranging clockwise from 0.001, 1, 6, and 10 Ω/□. 
 
Figure 5.4: Corresponding line plots  of junction voltage map in Figure 5.3 where they 
are taken from the fifth horizontal line (Y=5) of each map. 
 112 
In the ideal case, where there is no lateral resistance, i.e. sheet resistance equal to zero, 
the junction voltage would be the same for all sub-cells. In other words, all sub-cells are 
as if connected in parallel as shown in Figure 5.5. However, practically both contact 
layers - TCO and back contact – contribute to the lateral series resistance. The presence 
of lateral resistance causes a shift of operating voltage in different parts of the cell. 
 
 
 
Figure 5.5: Diagram showing an ideal case where there is no lateral resistance. Sub-
cells are connected in parallel and the junction voltage of each sub-cell is the same. 
 
As shown in Figure 5.3, the distribution map of junction voltage over the cell area 
indicates that although the terminal voltage is equal to 0 V, the junction voltage in each 
sub-cell is different. The extent of variation depends on the position of sub-cells in the 
cell and magnitude of lateral series resistance of that cell. At low TCO sheet resistances, 
i.e. 0.001 and 1 Ω/□, there is no or only a very small voltage shift between the sub-cells. 
Greater junction voltage differences are seen in the cells with higher values of TCO 
sheet resistance, particularly between the left and the right node. Up to 0.1 V different is 
seen in the cell with 10 Ω/□ TCO sheet resistance, as shown in Figure 5.3 and Figure 
5.4. 
 
Figure 5.3 also suggests that the pattern of distribution for cells with lateral series 
resistance 1, 6 and 10 Ω/□ is similar, i.e. the junction voltage is relatively high at the 
bottom left corner of the cell and eases off to the right following the current flow path. 
The higher junction voltage is in the area where the path length from that area to the 
terminal has seen greater a value of TCO sheet resistance. It should be noted that these 
results are based on cell structure where external contacts are connected to the left and 
right edge sub-cells as shown in Figure 3.6. 
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However, if the voltage map of 0.001 Ω/□ TCO sheet resistance in Figure 5.3 is re-
plotted with a higher resolution scale, the difference in junction voltage is also revealed 
as shown in Figure 5.6, although the magnitude is very small, in tens of microvolts. The 
voltage map of 6 Ω/□ is also re-plotted in Figure 5.6 for comparison purpose as a 
representation of cell with higher TCO sheet resistance. 
 
The distribution pattern of junction voltage is different from those with higher values of 
TCO sheet resistance. An area of higher junction voltage is at the middle top area of the 
cell and the values are lower toward both ends of the device. TCO sheet resistance is in 
this case 0.001Ω/□ which is comparable to other series resistances such as contact and 
bus bar resistance used in the simulation. The areas at the left and right sides are close 
to bus bars, especially at the bottom (green band at bottom left and right corners), it 
therefore shows smaller difference from the terminal voltage. 
 
 
Figure 5.6: Voltage distribution map of junction voltage (Vj) between two different 
TCO sheet resistance values 0.001 Ω/□ (left) and 6 Ω/□ (right) with matched resolution 
scale. 
 
5.1.2 Shunt resistance 
The presence of finite parallel or shunt resistance is one reason for deteriorated cell 
performance. It can be due to various sources, the majority of them originating in 
production processes. The variation of cell efficiency as a function of shunt resistance 
under STC conditions is shown in Figure 5.7. The simulation was performed with the 
D3DM. The shunt resistance was varied from 10 to 1000 kΩ·cm2. Other parameters are 
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based on typical a-Si values summarised in Table 3.2. The efficiency shown is 
normalised to that of a cell with shunt resistance of 1000 kΩ·cm2. It is shown in Figure 
5.7 that shunt resistances greater than 10 kΩ·cm2 hardly have any influence on cell 
efficiency, but resistances below this introduce noticeable efficiency reductions. Similar 
numbers were also reported by [144, 145]. 
 
Figure 5.7: The variation of cell efficiency at STC conditions based on typical a-Si 
diode parameters as a function of shunt resistance between 0.01 kΩ·cm2 and 1000 
kΩ·cm2. 
 
The availability of the D3DM allows an investigation of magnitude as well as position 
of a shunted area. Two simulation examples are given in Figure 5.8 and Figure 5.9 to 
examine the extent to which shunt resistances of different magnitudes and positions 
affect the cell’s I-V curve. 
 
In example1, the shunt resistance is varied only at one sub-cell or spot shunt. In this 
case, this sub-cell is in the centre of the cell, while all other sub-cells are simulated with 
a fixed value (100kΩ·cm2). This condition can represent a shunt path such as a pin hole, 
a short circuit path across layer due to contamination or a deposition problem which 
may occur during production of thin film solar cells. In example2, all sub-cells have the 
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same value of shunt resistance. The variations of shunt resistance are 10, 100, 1k and 10 
kΩ·cm2. Sheet resistance is neglected (0.001 Ω/□). 
 
The I-V curves of both examples are shown in Figure 5.8. It is shown that for a spot 
shunt only very small shunt resistance value (10 Ω·cm2) affect the I-V curve. The 
efficiency of the cell is reduced by approximately 6.5% with respect to the uniform 
shunt, i.e. the unshunted device. On the other hands, for the all sub-cells case, shunt 
resistance as high as 1 kΩ·cm2 already begin to deviate from its uniform case. 
 
   
 
 
 
Figure 5.8: The simulated I-V curves from the D3DM with varying shunt resistance 
value; Spot shunt (left) and all sub-cells (right). 
 
The reduction of current of the I-V curve due to shunt resistance can be further 
investigated on sub-cell level with the help of the D3DM. The sub-cell current is shown 
in Figure 5.9. The data is obtained from the same simulation as for Figure 5.8. The plot 
is selected from horizontal sub-cells in the middle. For the spot shunt case, the shunted 
sub-cell is also included in such a plot. It is shown that the sub-cell current decreases 
for both examples with decreasing shunt resistance. The reduction of current in the 
shunted sub-cell is very small for low or no lateral resistance (TCO sheet resistance = 
0.001 Ω/□). The effect is less than 0.05% current reduction compared to the uniform 
case, even sub-cells with very low shunt resistance (10 Ω·cm2). 
 
However, the decrease of sub-cell current is greater with increasing series resistance. 
For comparison purposes a simulation similar to Figure 5.9 is performed with the TCO 
sheet resistance changed to 6 Ω/□. The results are shown in Figure 5.10. Spot shunts, as 
 116 
well as reduced shunt resistance in all sub-cells, are influenced by the TCO sheet 
resistance. A higher proportion of the generated current will flow more through the 
shunt path due to the high series resistance blocking alternative current paths. It is also 
shown that the current output of each sub-cell follows the distribution pattern of voltage 
due to lateral resistance as shown in Figure 5.6 
 
   
 
Figure 5.9: The generated current of sub-cells locating along the horizontal line through 
the middle of the device. The values are obtained from the same simulation of I-V 
curves as in Figure 5.8 (TCO sheet resistance 0.001 Ω/□) where shunt resistance is 
varied; Spot shunt (left) and all sub-cells (right). 
 
 
    
 
Figure 5.10: The generated current of sub-cells locating along the horizontal line 
through the middle of the device. The values are obtained from similar simulation of I-
V curves as in Figure 5.8 where shunt resistance is varied. The TCO’s sheet resistance 
equals 6 Ω/□; Spot shunt (left) and all sub-cells (right). 
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For the spot shunt case, different positions of shunted sub-cell have also been simulated 
with the D3DM i.e. at the corners or the edge of the cell, but the results are similar to 
that at the centre sub-cell. There is no difference in the I-V curves compared to the ones 
shown above. 
 
5.2 LBIC based measurement and simulation analysis 
The D3DM is applied to improve interpretation of the LBIC measurements. It is used 
for sensitivity analysis of the measurements with respect to certain parameters in single 
cells and series-connected thin film PV modules. It is also used for an investigation of 
how each parameter affects the LBIC signal if varied uniformly and non-uniformly 
under different measurement conditions and illumination. Finally, the simulations are 
validated against measurements taken in these regimes. 
 
5.2.1 LBIC simulations of a single cell 
LBIC measurements on a single cell allow a relatively straightforward analysis of the 
signal. It is proportional to the localised collection and generation properties of the area 
where the laser beam is incident, only attenuated by the parasitic losses of the 
conducting path. To investigate single cell LBIC measurements and understand the 
device behaviour, 5 different cell conditions are set-up. 
 
1. Uniform parameter distribution: the simulation is performed on a single cell 
with a dimension of 0.5 cm x 1.0 cm and 1.0 cm x 1.0 cm. The Merten diode 
model was utilised. TCO sheet resistance is 10 Ω/□, while back contact (Al) 
sheet resistance is 0.9 Ω/□. Others parameters are summarised in Table 3.2. The 
cell dimension of 1.0 cm x 1.0 cm is used for the I-V plots and when ‘uniform 
case’ is referred to in later simulations. 
 
2. Lateral resistance: the parameters are the same as for the uniform case except 
that the TCO sheet resistance is smaller (1 Ω/□). 
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3. Shunt resistance: the parameters are the same as in the uniform case, but the 
shunt resistance of the centre sub-cell is reduced with respect to the other ones 
(spot shunt). 
 
4. Mobility lifetime product (µτ): the parameters are the same as in the uniform 
case, but the µτ of the centre sub-cell is reduced with respect to the other ones. 
This condition represents e.g. impurity in the device that could cause reduction 
of µτ. 
 
5. Inactive area: the parameters are the same as uniform case, but 4 sub-cells in the 
centre are inactive or in other words they do not generate any current. This 
condition represents non-uniform absorption or generation which could be due 
to non-uniform cell thickness, shading or deposition and degradation problems 
that affect an absorber layer. 
 
The general approach taken is that the I-V curve of each cell condition is plotted in 
Figure 5.11. Comparing the results to the uniform curves demonstrates the expected 
behaviour: 
 
i) in the lateral resistance case (dash), cell with lower series resistance shows an 
decreased slope at Voc. 
ii) in the shunt resistance case (dash-dot), cell with lower shunt resistance shows a 
steeper slope at Isc. 
iii) in the µτ case (dash-dot-dot), cell with lower µτ shows change at the plateau of 
the I-V curve similar to that of shunt resistance. 
iv) in the inactive area case (short-dash), less output current is obtained than that of 
uniform condition. 
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Figure 5.11: I-V curves at STC, simulated from the D3DM, of a single cell from 4 
different cell conditions, including uniform (solid), lateral resistance (dash), shunt 
resistance (dash-dot), µτ (dash-dot-dot) and inactive (short-dash). 
 
Following on from this, the LBIC signals for d-LBIC, i-LBIC and li-LBIC 
measurements of 5 different cell conditions are simulated and plotted. For the 
simulations, a laser intensity of 100 W/m2 was used. This is the estimated laser beam 
intensity as used in the LBIC system equivalent to light under STC conditions. The 
background illumination for i-LBIC simulation is assumed uniformly distributed 
throughout the cell area at 230 W/m2. This intensity level is also close to that used in 
the LBIC system. 
 
In the LBIC system, the measurement (detection of signal) is performed by lock-in 
amplifier where it detects only a signal at reference frequency. This means that for 
example in the case of the i-LBIC measurement, only the signal induced by the chopped 
laser beam (at the reference frequency) is detected. The signal from the background 
illumination is removed. In order to replicate how the lock-in amplifier works in the 
simulation process, the simulation without the laser is subtracted from that with the 
laser under the same simulation conditions. For example, to obtain i-LBIC signal, two 
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simulations are required; one with background illumination plus laser and the other is 
background illumination alone. The i-LBIC signal is the difference between those two. 
 
Uniform 
 
Lateral series resistance 
 
Shunt resistance (Spot) 
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µτ 
   
Inactive area 
 
 
Figure 5.12: Simulation results from the D3DM showing d-LBIC map (area scan) and 
corresponding line scan at the horizontal line 5 (Y=5) of each map of 5 different cell 
properties, including uniform, lateral resistance, shunt resistance, µτ and inactive area. 
The line scan also includes the simulation of i-LBIC and li-LBIC. 
 
Figure 5.12 shows the simulated d-LBIC map (area scan) and line scan obtained from 
the fifth horizontal line (Y=5) of the map of 5 different cells properties including 
uniform, lateral resistance, shunt resistance, µτ and inactive area. The latter is compared 
to the same line as measured with the i-LBIC and li-LBIC techniques. The mappings of 
these are not shown as they look identical to the d-LBIC. The plots were scaled to the 
same magnitude as those from the measurements. 
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According to the simulation results shown in Figure 5.12, the line scan of d-LBIC, i-
LBIC and li-LBIC have the same distribution pattern over the cell area for all 5 cell 
conditions. d-LBIC is shown to have slightly higher signal than that of i-LBIC and li-
LBIC. The discrepancy between them is attributed to resistive losses which are greater 
in i-LBIC and li-LBIC as higher current (the sum of background illumination and laser) 
flow in this condition. The same is also true for the difference between i-LBIC and li-
LBIC since the device is partly shaded in the li-LBIC. 
 
Lateral series resistance introduces a variation in signal strength between d-LBIC, i-
LBIC and li-LBIC. Higher lateral resistance causes greater voltage variations across the 
cell, similar to Figure 5.4 shown in Section 5.1.1. This can be seen in the difference 
between the uniform case and the lateral resistance case. 
 
For a cell with a reduced shunt resistance and µτ in the centre sub-cell, the LBIC signal 
is smaller in this particular area. The shunted sub-cell also affects nearby sub-cells as 
can be seen in the d-LBIC map, where the single cell shunt introduces a dent in the 
otherwise monotonously increasing signal strength. 
 
For a cell with an inactive area in the centre, no LBIC signal is obtained when the laser 
is incident on that area, as one would expect. It does not, however, affect the other sub-
cells in the simulation. The behaviour is similar to the other conditions in that the i-
LBIC signal is slightly smaller than that of d-LBIC and it also follows the voltage 
distribution pattern due to lateral series resistance. 
 
Additional comparison of d-LBIC and i-LBIC signal of the uniform case between two 
different cell widths which are 0.5 cm x 1 cm and 1 cm x 1 cm is shown in Figure 5.13. 
It is suggesting that the wider cell shows a slightly lower LBIC signal in both d-LBIC 
and i-LBIC simulations. This is due to the shorter path length (and thus lower lateral 
resistance) that the current takes through the circuit. The effect of higher lateral series 
resistance in wider cells becomes clearer in the i-LBIC signal due to added current from 
the background illumination causing the signal to decrease even lower with greater 
variation. 
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Figure 5.13: The line scan of d-LBIC (solid) and i-LBIC (dashed) simulations of 
uniform case from two different cell width; 0.5 cm x 1.0 cm (square) and 1.0 cm x 1.0 
cm (circle). 
 
An example of LBIC measurement on a single junction a-Si cell is shown in Figure 
5.14. It is an LBIC scan over a cell containing defects. The area scan (left) reveals an 
overall view of the problematic area. The white solid line across the area of interest is 
an indicator of where line scan is performed. The effect shown here is an inactive area. 
 
D-LBIC and i-LBIC measurements are plotted and there is only a marginal difference 
between them. It is indicated that defect area generates a very small or no LBIC signal. 
The defect seems to be inactive part of the cell and is similar to an inactive cell 
condition shown in Figure 5.12. 
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Figure 5.14: LBIC measurements of a single junction a-Si device containing defects. 
The area scan (left) identifies the size and location of the defect area and a line indicator 
of where line scan is performed. D-LBIC and i-LBIC line scan (right) run across the 
defect area. The sharpness of the defect (lack of influence on neighbouring areas) 
indicates this to be an electrically inactive area. 
 
5.2.2 LBIC simulations of a module 
As mentioned in Chapter 4, the LBIC signal measured by d-LBIC or i-LBIC in series 
connected cells or a module does not really represent the properties of the cell under 
investigation. The signal strength is largely affected by the properties of neighbouring 
cells or non-uniformity of background illumination.  
 
The new LBIC measurement technique called li-LBIC was introduced (in Section 
4.2.2.3) to overcome this issue. This technique brings the cell to be measured into a 
condition where it is limiting the current flow through the entire ensemble. This is 
achieved here by means of partial shading. The working thesis is that in these 
conditions, the measurement signal provides the real properties of the laser-probed cell 
and the signal strength is significantly stronger than that in non-limiting cases. 
 
The investigation of the LBIC signal of cells in series (or modules) by the D3DM is 
demonstrated in the following. It shows how i-LBIC measurements are affected by non-
uniform illumination and why li-LBIC measurements are required to circumvent the 
problems experienced with d-LBIC and i-LBIC. The simulations are separated into 
uniform and non-uniform cell parameters. 
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5.2.2.1 Uniform cell parameters 
Simulations of the D3DM are performed on a mini-module with 4 cells connected in 
series. Single cell area is taken as 1 cm2. Each cell is simulated with a square 
arrangement of 3 x 3 sub-cells. Merten’s diode model was used. The background 
illumination is set to 230 W/m2 and is uniformly distributed throughout the module area 
while the laser intensity is 100 W/m2. Other parameters are also uniform throughout the 
module as given in Table 3.2. 
 
 
 
 
Figure 5.15: Simulation results from the D3DM of the mini-module with uniform cell 
parameters and background illumination. I-LBIC (dashed) and li-LBIC (solid) line 
scans across 4 cells are compared. The diagrams above the graph show the 
corresponding measurement types; i-LBIC (left) and li-LBIC (right). 
 
Figure 5.15 compares the simulation of i-LBIC (dashed) and li-LBIC (solid) 
measurement regimes of the module where cell parameters and background 
illumination are uniform. The plot is similar to a line scan performed by the LBIC 
system (represented by diagrams shown at the top of the figure). The li-LBIC plot is 
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obtained from 4 simulations, where each cell in the module is brought individually into 
limiting conditions (shaded) one at a time. 
 
The signal strength of each cell in the i-LBIC measurement technique is equal, provided 
that all cells are equally illuminated and cell parameters are the same. All cells in the 
module also show the same signal under li-LBIC. However, the signal from the limiting 
cell measurement is significantly higher than that of i-LBIC. This is due to the fact that 
if one cell is in limiting condition (in this case by shading), it is forced into reverse bias 
(see e.g. Figure 4.3). By introducing a sufficiently small amount of light (laser in LBIC) 
a significantly stronger signal is obtained as the cell stays in the limiting condition and 
reacts linearly to any increase in the incident irradiance. This signal can be considered 
to be the true single cell signal and realistic cell properties can be obtained. 
 
Under the same uniform conditions as above, parameters such as shunt resistance and 
µτ are varied in order to perform a sensitivity analysis with respect to the LBIC signal 
strength. Simulated i-LBIC and li-LBIC signal with varying shunt resistance and µτ are 
shown in Figure 5.16 and Figure 5.17, respectively. 
 
Figure 5.16: i-LBIC and li-LBIC simulation of mini-module with varying shunt 
resistance of each cell to 2, 5 and 10 kΩ·cm2. 
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It is shown that module with lower shunt resistance gives higher i-LBIC signal. This 
can be explained according to the mismatch condition between cells as described in 
Figure 4.3 where the slope of I-V curve at Isc is steeper with lower shunt resistance, 
causing the i-LBIC signal to increase. The li-LBIC signal however, shows the opposite 
as modules with lower shunt resistance give lower li-LBIC signal. The reason is the 
same as above but in this case the laser illuminated cell determines the signal. 
 
Figure 5.17: i-LBIC and li-LBIC signal of the mini-module with uniform cell 
parameters and background illumination, varying µτ from 1x10-7 to 1x10-8 cm2/V. 
 
Similar changes of LBIC signal are observed in the case of varying the µτ value, where 
the i-LBIC signal strength increases with decreasing µτ while li-LBIC signal strength 
increases with increasing µτ. This is because µτ also affects the plateau of the I-V curve 
as that of shunt resistance. The difference between µτ values of 5x10-8 and 1x10-7 
cm2/V is marginal since these values of µτ hardly change the photocurrent as shown in 
Figure 2.10, i.e. the I-V curves are not too dissimilar. 
 
 128 
5.2.2.2 Non-uniform cell parameters 
In the previous section all cells in the module had the same parameters and the 
illumination was also uniform. In this section the i-LBIC and li-LBIC signal of modules 
with non-uniform cell parameters are investigated. Different illumination regimes are 
also applied to see how this affects the i-LBIC and li-LBIC signal. Cell parameters that 
are varied in the following simulations are shunt resistance and sub-cell photocurrent. 
They are responsible for non-uniformities commonly found in thin film modules.  
 
Figure 5.18 shows the i-LBIC simulation with uniform illumination of a module where 
the shunt resistance of cell 2 is varied from 2 to 10 kΩ·cm2. The remaining cells have a 
uniform shunt resistance of 10 kΩ·cm2. Other cell and simulation parameters are 
uniform as used in Section 5.2.2.1. It is shown that the i-LBIC signal of cell 2 decreases 
with decreasing shunt resistance while the other cells show the opposite behaviour. This 
is due to the impact of the reverse characteristic (shunt resistance) of cells affecting the 
operating point of the module and thus the LBIC signal. 
 
Figure 5.18: Simulated i-LBIC signal of the module under uniform illumination where 
the shunt resistance of cell2 is varied from 2 to 10 kΩ·cm2 while other cells are fixed at 
10 kΩ·cm2. 
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This suggests that under i-LBIC measurement, shunted cells could be identified, only if 
the background illumination is uniform throughout the device, which normally is not 
the case. This is because in any measurement system, a high level of light uniformity is 
difficult to achieve, particularly over large areas, and the signal strength depends 
strongly on this as shown in Figure 5.19 and Figure 5.20. 
 
The effect of non-uniform illumination on i-LBIC signal strength is shown in Figure 
5.19 and Figure 5.20. The module in Figure 5.19 has the same cell properties as the 
dashed line in Figure 5.18 where cell 2 has a lower shunt resistance than its 
neighbouring cells. For the simulation in Figure 5.20, all cells have different shunt 
resistance. Cells 1, 2, 3 and 4 have shunt resistance of 5, 7, 6 and 8 kΩ·cm2 
respectively. All other parameters are the same. The value of shunt resistance of each 
cell is also shown in a diagram in each corresponding figure. 
 
The simulations were performed under 5 different illumination conditions. The values 
are 207, 230, 253 and 276 W/m2 or decrease and increase by 10% increments of 
230W/m2. Each number represents light intensity on each cell starting on the left from 
cell 1 and so on. The simulations are carried out with the following settings: 
 
1. 230 W/m2 / 230 W/m2 / 230 W/m2 / 230 W/m2 
2. 230 W/m2 / 207 W/m2 / 230 W/m2 / 230 W/m2 
3. 230 W/m2 / 253 W/m2 / 230 W/m2 / 230 W/m2 
4. 207 W/m2 / 230 W/m2 / 253 W/m2 / 276 W/m2 
5. 276 W/m2 / 253 W/m2 / 230 W/m2 / 207 W/m2 
 
It is shown from Figure 5.19 and Figure 5.20 that the i-LBIC signal of both cell 
properties are strongly influenced by non-uniform illumination. In Figure 5.19, for 
example, the shunt resistance of cell 2 is smaller than other cells in the module. Under 
uniform illumination (solid line), it is cell 2 that gives a lower i-LBIC signal. However, 
with non-uniform illumination, cells with the lowest illumination level give the highest 
i-LBIC signal. Similar behaviour is observed in Figure 5.20, where lowest illuminated 
cell has the highest i-LBIC signal. 
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Figure 5.19: The simulation of i-LBIC signal where cell 2 has a reduced shunt 
resistance with respect to the other cells in the module. The plots compare the i-LBIC 
signal between different illumination conditions. 
 
Figure 5.20: The simulation of i-LBIC signal where all cells in the module have 
different shunt resistance. The shunt resistance value of each cell is shown in the inset 
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diagram. The plots compare the i-LBIC signal between different illumination 
conditions. 
 
This is because the lowest illuminated cell becomes the limiting cell and determines the 
LBIC signal. The absolute signal strength depends more on the irradiance distribution 
on the devices. The relative signal, however, is an indicator of the photovoltaic qualities 
of the measurement area. The simulation has shown that non-uniform illumination 
complicates the interpretation of the i-LBIC signal and does not give the correct 
indication of cell properties. 
 
To overcome the effect of non-uniform illumination and to obtain the real properties of 
the investigated cell, the new limiting LBIC measurement technique (li-LBIC) is 
introduced. This method is based on limiting cell behaviour similar to behaviour of the 
lowest illuminated cell in i-LBIC measurement as in Figure 5.19 and Figure 5.20. 
 
Figure 5.21: The simulation of li-LBIC signal where cell 2 has a reduced shunt 
resistance with respect to the other cells in the module (as shown in inset). Cell 
parameters are identical to those used in Figure 5.19. The plots compare the li-LBIC 
signal between different illumination conditions. 
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However in the li-LBIC technique, the investigated cell is brought into limiting 
condition intentionally by means of shading. The shaded cell then determines the LBIC 
signal (see e.g. Figure 4.6). The li-LBIC simulations under different illumination 
regimes are shown in Figure 5.21 and Figure 5.22 where each cell property is identical 
to those in Figure 5.19 and Figure 5.20 respectively. 
 
Figure 5.22: The simulation of li-LBIC signal where all cells in the module have 
different shunt resistance as shown in the inset diagram. Cell parameters are identical to 
those used in Figure 5.20. The plots compare the li-LBIC signal between different 
illumination conditions. 
 
The simulation results in Figure 5.21 and Figure 5.22 have shown that although the 
illumination is not uniform, the li-LBIC measurement still provides the same signal 
strength as that from uniform case. This suggests that non-uniform illumination does 
not affect the li-LBIC signal and that the ‘true’ signal is recovered as investigated in the 
previous section for single cells. It also shows that in both cases, the li-LBIC signal 
strength follows the cell’s shunt resistance.  For example, cell 2 in Figure 5.21 which 
has lower shunt resistance than its neighbouring cells has relatively lower li-LBIC 
signal. This corresponds to the simulation in Figure 5.16 where li-LBIC signal strength 
decreases with decreasing shunt resistance. 
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Generally speaking, by shading the investigated cell, this cell becomes the limiting cell, 
and the true cell properties are measured in the li-LBIC signal. Moreover, the li-LBIC 
signal strength depends linearly on the laser strength and tends to be higher than that 
obtained from i-LBIC. This makes it more convenient for signal recovery, particularly 
when measuring multi-cell large area devices. 
 
Another non-uniform cell parameter case is shown in Figure 5.23. In this case, all cells 
in the module are uniform with the exception of one sub-cell in cell 2 which generates 
only half the current of the other sub-cells. The cell condition can be a representation of 
defects, inactive areas or non-uniform thickness typically occurring in the production of 
PV modules. 
 
 
 
 
Figure 5.23: Comparison of the simulated i-LBIC (uniform and non-uniform 
illumination) and li-LBIC (uniform illumination) signal for non-uniform cell 
parameters. One sub-cell in cell 2 generates a significantly reduced current with respect 
to the other sub-cells. 
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Figure 5.23 shows the simulations of i-LBIC, both uniform and non-uniform 
illumination cases as well as li-LBIC. The corresponding measurement diagrams are 
shown on top of the figure. For i-LBIC in the non-uniform illumination case, cells 1 to 
4 are illuminated at 207, 230, 253 and 276 W/m2. 
 
It is shown that the i-LBIC signal of cell 2 in both uniform and non-uniform cases is 
relatively high compared to the other cells in the module. This is because cell 2 already 
becomes the limiting cell (due to one sub-cell in cell 2 generating only half the current). 
While under non-uniform illumination, cell 2 is not the limiting cell. It is now cell 1 that 
is limited due to the lowest illumination level being received. The li-LBIC signal on the 
other hand gives an indication that cell 2 is a problem cell while signals from other cells 
are unaffected. 
 
Again, the simulation shows that the i-LBIC measurement of a module with non-
uniform illumination does not give the correct indication of cell properties. It is even 
more difficult to distinguish between good and bad cells when no cell in the module is 
identical. This strengthens the case for the li-LBIC measurement regime and why it is 
required to obtain the real properties of the probed cell in monolithically series 
connected thin film modules. 
 
5.3 LBIC measurements 
Earlier in this chapter, the simulations of the D3DM have shown how a PV cell or 
module behaves under different cell parameters, illumination and measurement 
conditions. In this section, the simulations are validated against measurements taken in 
those same regimes. 
 
The I-V and LBIC (including d-LBIC, i-LBIC and li-LBIC) measurements were 
performed on a single junction a-Si mini module. The module consists of 4 cells 
connected in series where the total active area is 21.43 cm2. Each cell has it own contact 
terminals, allowing the measurement of individual cells. The I-V characteristics of each 
cell in the module measured by a solar simulator at STC conditions are shown in Figure 
5.24 and the corresponding electrical parameters are listed in Table 5.1. 
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Figure 5.24: The I-V measurement of individual cells and the total module from a 4-
cell, single junction a-Si mini-module measured by solar simulator under STC 
conditions. 
 
 Voc (V) Isc (mA) Vm (V) Im (mA) Eff (%) FF 
Cell1 0.91 74.97 0.59 61.00 6.83 0.54 
Cell2 0.91 74.69 0.59 59.97 6.67 0.53 
Cell3 0.91 74.92 0.64 61.84 7.43 0.58 
Cell4 0.91 75.41 0.63 62.93 7.44 0.58 
 
Table 5.1: Electrical PV parameters of individual cells of a 4-cell single junction a-Si 
mini-module. 
 
According to Figure 5.24 and Table 5.1, it is observed that all 4 cells have similar short 
circuit current values, with cell 4 slightly higher. Cells 1 and 2 show reduced FF 
compared to those of cells 3 and 4. 
 
The LBIC measurement of single cells and the module were performed and are shown 
in Figure 5.25 and Figure 5.26, respectively. Figure 5.25 shows the d-LBIC and i-LBIC 
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measurements of each cell in the module. All cells show relatively the same level of 
signal strength, since there is no major difference of cell properties among cells in the 
module according to their I-V curves.  
 
Figure 5.25: d-LBIC (solid) and i-LBIC (dashed) line scan measurements of each cell in 
a 4-cell mini-module. 
 
The i-LBIC measurement signal of cells 1, 2 and 3 also vary similarly to that of the d-
LBIC measurement except that of cell 4 that shows unexpected signal fluctuation. This 
similarity agrees with the simulation results shown in Figure 5.12, where d-LBIC and i-
LBIC have the same signal variation due to non-uniform cell parameters. The rise and 
fall of the signal in each cell is depending on localised properties such as defects, shunt 
resistance or non uniform absorption and generation. 
 
The LBIC measurements of the mini-module using two terminals are shown in Figure 
5.26. Three LBIC measurements are plotted, including d-LBIC, i-LBIC and li-LBIC. D-
LBIC (dash dot) and i-LBIC (dashed) use the axis on the left while li-LBIC (solid) uses 
axis on the right. The difference in signal strength between measured d-LBIC and i-
LBIC arises partly from the voltage dependent photocurrent that affects the slope at Isc 
of illuminated I-V curve characteristic as described and shown in the simulation in 
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Figure 4.4 and partly due to the non-uniform illumination of background light. In the i-
LBIC case, cell 2 shows the highest signal strength. This suggests that cell 2 is the 
limiting cell. This is also born out from Table 5.1, where it is shown that this cell has on 
average the lowest short circuit current. However, the lack of uniformity in the i-LBIC 
also causes a change in the apparent features in the device. 
 
Figure 5.26: d-LBIC (dash-dot), i-LBIC (dashed) and li-LBIC (Solid) line scan 
measurements of a 4-cell mini-module. 
 
The li-LBIC signal on the other hand, is about a magnitude higher than that of the i-
LBIC. This is because the investigated cell becomes the limiting cell by means of 
shading applied during the li-LBIC measurement. Any light entering into the cell with 
the probe laser will generate a linear response providing an opportunity to measure 
absolute signals from the investigated cell in a fully illuminated module. It is also fair to 
say that the signal strength and variation of li-LBIC is similar to that of the i-LBIC 
measurements over individual cells (see Figure 5.25) which one would expect from an 
li-LBIC measurement of cells in monolithic module. 
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5.4 Conclusions 
The D3DM was used for an investigation of spatially distributed properties of 
performance of thin film PV modules. It is also used in simulation to gain a better 
understanding of how non-uniform cell parameters and illumination affect the LBIC 
measurement signals. Distributed series resistance contributed from contact layers has 
been shown to affect localised parameters. It also influences device performance and 
efficiency through device cell geometry. 
 
i-LBIC measurement signal is greatly influenced by non-uniform illumination and 
makes it difficult for interpretation as the lowest illuminated cell normally shows the 
highest LBIC signal. However, the real properties of cells in monolithically series 
connected modules can be probed non-destructively by the li-LBIC measurement 
technique. This limiting measurement effectively allows the spatial properties of a cell 
in monolithic series connected module to be investigated. It provides the true properties 
of the investigated cell with higher signal strength and is independent of non-uniform 
illumination. 
 
Good agreement between simulation results from the D3DM and LBIC measurements 
under different measurement conditions are shown. They together have been 
demonstrated to be powerful tools and present an alternative analysis method for the 
spatially distributed characterisation of thin film solar cell devices. 
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6 Thesis conclusions and recommendation for future 
works 
 
6.1 Thesis conclusions 
It is clear that thin film devices are influenced by spatial variations in their device 
properties. Methods for the analysis are sparse today and any such method will have a 
significant impact on identifying fault levels during operation and thus durability of 
such devices. This thesis has developed a modelling approach and the associated 
measurement tool for detailed spatial analysis. The advantages are shown to be that it is 
usable for fully encapsulated, monolithically connected modules and devices and does 
not destroy the device as other methods would. The possibility of extracting localised 
physical parameters is demonstrated. The disadvantage of the measurement approach is 
that it is somewhat slow in its operation making it suitable for the detailed analysis of 
non-ideal device performance as an offline tool. 
 
Enhanced understanding through modelling 
A spatially distributed model has been developed that includes the idiosyncrasies of 
specifically amorphous silicon devices. This is achieved in the distributed 3D model 
(D3DM). It has been developed based on current flows in thin film devices using a 
circuit simulator. The cell diode parameters are truly distributed and can be varied 
independently. It provides a major advance in the analysis of distributed solar cell 
parameters which is unaccounted for in standard solar cell models. This allows 
simulation and probing of any spatial measurement technique. It is applied here to 
LBIC measurements in general. The tool is also able to analyse commonly observed 
failure modes such as inactive area. 
 
The model was used to derive an understanding of the signal strengths observed in real 
LBIC measurements. Single cells and modules under different measurement conditions 
are investigated, demonstrating the effects of spatially distributed parameters on global 
device performance. The inclusion of Merten’s diode extension which takes into 
account the voltage dependent photocurrent into the D3DM proves essential for the 
correct explanation and interpretation of LBIC measurement signals of thin film a-Si 
modules under different illumination conditions. It is shown here that the p-i-n structure 
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of amorphous silicon modules also results in a difference in the signal strength and its 
behaviour. 
 
The model demonstrates also that existing module measurement results are particularly 
difficult to interpret correctly, as in many cases one measures the characteristics of the 
neighbouring cells rather than the cell probed with the laser. The relative results of 
measurements within a single cell provide useful information but in spatial 
measurements of modules, it is often the case that the absolute signal is dominated by 
the relation of the device to the neighbouring cells and the desired cell signal is only 
hidden as a secondary effect in the output. 
 
LBIC measurement system 
A large area LBIC system for the analysis of monolithically integrated modules has 
been developed and optimised during this work. It is an optical scanning system 
developed for measuring large area, multi-cell thin film modules. It provides spatially 
resolved measurements and has shown to be an effective characterisation tool to reveal 
spatial non-uniformity in the PV devices with relatively high resolution up to tens of 
micrometers. 
 
Different measurement techniques can be performed. The work demonstrates the 
strengths and weaknesses of the common methods and includes the development a new 
measurement regime, which allows the recovery of the real performance parameters 
(limiting illuminated LBIC, li-LBIC). Typical, or non-limiting, LBIC measurements do 
not truly yield the properties of the probed cell, as already outlined in the modelling 
section. The experimental measurements made here validated the modelling approach. 
The relationship of current generated in the laser illuminated cell to the other cells 
determines the signal strength and only relative measurements within a cell can be 
taken with standard LBIC techniques. Non-uniform background illumination further 
complicates interpretation of the output signal from these methods. 
 
Limiting measurement 
A limiting LBIC measurement technique (li-LBIC) was therefore developed during this 
work. The key is that this method is based on limiting cell behaviour, where the laser-
probed cell is brought to limiting condition by means of partial shading. The shaded cell 
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becomes the limiting cell and determines the LBIC output signal. Non-uniform 
illumination which otherwise significantly affects LBIC measurements does not affect 
li-LBIC results. The higher strength of the li-LBIC signal also makes it more 
convenient for signal recovery, particularly for large area devices. 
 
Benefits being offered by the li-LBIC measurement give an opportunity to measure the 
true cell properties of investigated cells in the monolithically interconnected module 
non-destructively (without having to contact individual cells). The system can be 
employed as a characterisation tool for two-terminal commercial modules functioning 
not only for quality control of newly produced PV devices but also for loss analysis 
during various stages of their lives. 
 
Conclusions 
It has been shown that non-uniformity of distributed solar cell properties plays an 
important role in the performance and efficiency of a PV device. Tiny defects or small 
weak areas can cause operational mismatch within a cell and between cells in the 
module which leads to the deterioration of overall device performance and efficiency. 
 
While the current market trend of commercial thin film PV module is moving toward 
multi-cell large area devices from mass production, it is understood that they are 
inevitably experiencing losses due to the increasing amount of spatially distributed non-
uniformity. Future research on cell design and production processes will require a more 
detailed knowledge on device spatial variation as modules become larger. 
 
The contribution of this thesis provides an enhanced understanding of spatial variation 
and distribution of cell properties and an ability to detect and identify area of non-
uniformity which can be achieved through the D3DM and the LBIC system 
respectively. Together they complement each other and can be used as an alternative 
approach or be integrated with other modelling tools and characterisation methods to 
enhance the investigation of spatial variation and its impact on global device 
performance. 
 
It is expected that the availability of tools arising from this work will have considerable 
implication for future research and development of thin film PV devices by making it 
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possible and convenient to gain further insights into what is currently limited or 
unachievable by conventional methods. This will ultimately lead to an improvement of 
production quality and device performance, bringing efficiency of production thin film 
PV modules closer to those of laboratory standard, shortening the transformation to 
manufacturing and thus leading to further cost reduction. 
 
6.2 Recommendations for future works 
 
While this thesis has contributed to the development of tools for spatial characterisation 
- a distributed model and an LBIC measurement system - on thin film solar cells, a-Si in 
particular. It is suggests that the future research area continuing from this work is to 
broaden the utilisation and application of these tools. Since there is always non-
uniformity embedded within the device to a certain extent, it is believed that analysis 
based on such tools will provide useful spatial information for the development of the 
PV technology. 
 
On the model side, because the distributed model was developed based on simple and 
standard circuit analysis software where parameters are truly distributed and 
independent, it can be easily applied to other spatial measurement or characterisation 
systems for various non-uniformity analyses. One such application is that it could be 
used for the investigation of distributed series resistance in electroluminescence (EL) 
measurements of the PV modules. And in conjunction with some numerical fitting, the 
model can also open the possibility of parameter extraction through that direct 
measurement. 
 
There is also a great possibility of applications on the LBIC measurement system. In 
this work, the li-LBIC measurement technique was performed only with one laser 
wavelength. This could be extended by applying different wavelength lasers. The 
combination of these measurement results could provide a full cross sectional analysis 
of the PV device, as it allows different depth in the device to be probed. 
 
Further application of li-LBIC technique is to perform measurements on multi-junction 
devices such as tandem structures. This however, requires suitable and selectable 
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background illumination system i.e. spectral match to each junction, to control which 
junction to limit while performing the li-LBIC measurement. This means that there are 
two limiting conditions; one in the series connected cells and the other in the junction in 
multi-junction cell. 
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